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Probabilities of K-Electron Ionization of Silver by Cathode Rays 


D. L. WeBsTER, W. W. HANSEN* AND F. B. DuVENECK, Stanford University 
(Received April 3, 1933) 


K-electron ionization by impact is treated here both 
experimentally and theoretically. The experimental work 
is on Ag in extremely thin films bombarded by cathode 
rays from constant potentials up to seven times the 
minimum ionizing potential. Ratios of probabilities of K 
ionization at different voltages are found as ratios of K 
line intensities after the latter have been corrected for 
minor perturbing factors. One of these is the slight re- 
tardation of the cathode rays within the film. Another is 
the effect of cathode-ray diffusion, in increasing the 
numbers of atoms penetrated. These effects occur in all 
films. In some of our films, which were backed with Be, 
there were two more corrections, both for K ionization 
of the Ag by the Be: one through rediffusion of cathode 
rays into the Ag, the other through continuous-spectrum 
x-rays. Altogether, films without backing appear more 
reliable at high voltages, and films with it at low voltages, 
though when corrected as described, the results agree well 
at all voltages in the range covered. An approximate 
empirical formula is probability =constant X U-™ log U, 
where U is the ratio of tube voltage to minimum ionizing 
potential, and m is about 0.78. Among the theoretical 
formulas in the literature, those based on wave mechanics 
all depend on Born’s approximation, which is invalid 


unless U is large, so they do not apply well to these data 
The classical quantum theory, considered as a possible 
temporary approximation, requires some further develop- 
ment, which is given here. The formula thus obtained 
seems to express the principles of classical quantum theory 
without seriously inaccurate approximations, but it agrees 
with the data only in the general type of the function: 
the ionization probability increases from zero at U=1 
with a finite slope, attains a maximum value, and then 
declines. Quantitatively, the theory is far from the facts. 
A strictly heuristic modification of classical theory, 
changing the law of repulsion between the cathode ray 
and the K electron to an inverse cube, leads to a formula 


constant 
U{(/2 cos U-4)?—1} 


This agrees fairly well with experiment, even though it 
contains no constant to change the shape of the graph, 
like the m in the other equation. But there is other evi- 
dence, as well as theoretical reason, for believing that the 
fundamental defect in the classical quantum theory lies 
not so much in any error in the inverse square law as 
in its dependence on contradictions of the uncertainty 
principle. 





probability = 





I. EXPERIMENTAL 


A. Methods and apparatus 


Regarding the above abstract as an intro- 
duction, we shall turn at once to the details of the 
experimental part of the research. Since the 
probability of ionization is to be studied as a 
function of the kinetic energy of a cathode ray, 


* National Research Fellow, at Massachusetts Institute 
of Technology, since January 1, 1933. 


the first requirement is of course to have the 
same energy for all cathode rays in any one 
measurement, i.e., to use constant potentials. Up 
to about 100 kv these were obtained from a 
circuit of a type described previously by one of 
us! and shown in Fig. 1. Running on 500-cycle 
current, this gives a ripple of only about 4 volts 


1D. L. Webster, Proc. Nat. Acad. Sci. 6, 26 and 269 
(1920); D. L. Webster and A. E. Hennings, Phys. Rev. 
21, 301 (1923). 


839 



































840 WEBSTER, 
w R 
TF00 ames 
coy Le | =? x f 
Fi. 
ka aes 
_ pt JT 
TTOO wi " 
mt + ai \ : x 
Ais + =! 
Aa R 





ae S 
all 
fFic2. 
Fic.’ 1. Circuit for use up to 100 kv. 7500, 500 cycle 
transformer; R, reactors; K, kenotrons, V, voltmeter; x, 
x-ray tube. 


Fic. 2. Circuit for use above 100 kv. 760, 60 cycle 
transformers. 


at 10 m.a., as shown both by theory and by 
careful oscillograph measurements, for which we 
wish to thank Mr. H. E. Overacker, of the 
Department of Electrical Engineering. 

Above 100 kv, we supplement this circuit with 
a pair of 60-cycle rectified circuits, as in Fig. 2. In 
adding such extra circuits, one must be very 
careful, on account of the oscillations of charges 
on the new transformers, because if these 
charges are drawn through the original circuit 
they will cause serious ripples. The preventive, of 
course, is very thorough electrostatic screening, 
not only around these transformers but between 
the coils of the insulation transformers feeding 
them, and also around the kenotrons and in 
their heating transformers, etc. With such 
screening the combined circuit is quite satis- 
factory, even though the flux leakage in the 
insulation transformers prevents the use of 500- 
cycle current in them and thus reduces the 
effectiveness of the filters. The resulting ripple at 
200 kv, 1 m.a., is shown by Mr. Overacker’s 
measurements to be about 50 volts. 

Such lack of constancy as we have, therefore, is 
not primarily due to ripples but to slow irregular 
changes. These are minimized by running the 
500-cycle generator and its d.c. exciter with a 3- 
phase motor sufficiently oversize to maintain a 
very constant speed at any load used. Up to 
100 kv, therefore, the outfit is very steady 
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indeed, though above 100 kv, the fluctuations 
of line voltage affect it through the 60-cycle 
transformers. Fortunately, however, the high 
tension voltmeter has a very short period, so that 
any variations of voltage due to such causes are 
easily detected. During every exposure of the 
ionization chamber to the rays, the voltage and 
tube current are carefully watched and controlled, 
the former through the field rheostat of the 
generator and the latter through a rheostat in the 
battery circuit that heats the filament. In this 
way up to 100 kv (that is, over the whole region 
of rapid change of line intensity), the variations of 
voltage are kept consistently less than 0.1 
percent, and usually less than half that amount. 
For this tedious but very important part of the 
work, we wish to express most cordial thanks to 
Messrs. H. H. Baskerville, Jr., G. V. Webster, 
C. J. Burbank and A. W. Hackney. 

The voltmeter referred to here is either of two 
that we have used, both designed by H. Clark. 
One, used for work up to 85 kv reported briefly in 
1928,? was described in connection with earlier 
work on another problem.’ The other, built for 
higher voltages, and used in all the later work, 
was described by Clark.* Both depend on bifilar 
suspensions of fine tungsten wires, and have 
shields around the insulators to prevent charges 
on them, which are unreliable, from affecting the 
suspended system. They are therefore very 
constant and reliable. They are calibrated with a 
series of 6 megohms of General Electric Company 
“copnic”’ voltmeter multipliers, and for the work 
since 1928 these have been surrounded by 
independently charged corona shields. Below 100 
kv, the calibrations are direct; above that, the 
new meter is reconnected as described by Clark. 
These multipliers are themselves checked against 
standard resistances certified by the Bureau of 
Standards, and the current through them is 
measured on a Leeds and Northrup type K 
potentiometer, by using one of these standard 
resistances and a similarly certified standard cell. 

Constant voltage gives uniformity of cathode- 
ray energy at the surface of the target, but for 


2D. L. Webster, H. Clark, R. M. Yeatman and W. W. 
Hansen, Proc. Nat. Acad. Sci. 14, 679 (1928). 

*D. L. Webster and A. E. Hennings, Phys. Rev. 21, 
312 (1923). 

4H. Clark, Rev. Sci. Inst. 1, 615 (1930). 
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uniformity at all the ionizing impacts one must 
also make the target extremely thin. For this 
purpose, in all the work reported in 1928? and in 
some of the later measurements, we used films of 
silver deposited on beryllium by rapid distillation 
in high vacuum. For two beryllium targets, in 
the form of cylinders with holes for cooling by 
circulating transil oil, we wish to express our 
cordial appreciation of the kindness and metal- 
lurgical skill of Mr. H. S. Cooper, of the Kemet 
Laboratories, Cleveland, Ohio. 

A point of vital importance is that the films 
shall be uniform enough to contain no parts so 
thick as to increase unduly the corrections for 
retardation and diffusion of the cathode rays, 
mentioned above in the abstract. At high 
voltages, this means merely that the irregu- 
larities must be not over a thousand Angstroms 
or so, i.e., no worse than those of a mirror good 
enough to reflect normally incident light without 
appreciable scattering. These films satisfy this 
condition excellently. 

As the tube voltage is reduced, both corrections 
are increased, and a need appears for more 
uniformity in the films. This need arises because 
each correction, when considered as a percentage 
of the x-ray intensity, is proportional to the 
thickness of the film so long as the film is 
uniform, but for an irregular film, this thick- 
ness is replaced by (mean square of the thick- 
ness) /(mean thickness). 

The most exacting requirement for uniformity, 
however, is in the investigation of the fine 
structure of the ionization probability function 
very near the minimum ionizing potential Vx. 
One of the most definite predictions of the 
classical quantum theory of impacts is that this 
function, in its increase from zero at Vx, should 
start with its first derivative finite. Other 
quantitative predictions might be changed fairly 
readily by changing the assumptions about the 
laws of force, etc., but not this one. Presumably 
when the wave mechanics makes any prediction 
about the derivative at Vx, the data on it will 
furnish a crucial test of that theory also. 

On the experimental side, the difficulty of 
getting these data in reliable form arises from the 
correction for retardation. A finite derivative for 
an ideally thin target, i.e., a monomolecular 
film, can readily be shown to produce a zero 
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derivative for a target of finite thickness, but the 
converse does not follow. In fact, if the thick 
target probability, at any voltage V near Vx, is 
proportional to (V— Vx)", that of a thin target is 
proportional to (_V— Vx)"—'. A finite thin-target 
derivative at V = Vx gives n a definite value, 2, 
but a zero thick-target derivative says nothing so 
definite. And any film thicker than mono- 
molecular becomes a thick target when V gets 
near enough to Vx. The problem is to make 
practical thin targets such that the behavior of 
an ideal thin target can be deduced from 
intensities observed with them. 

To see what this requires, let i(U)éx denote the 
line intensity from an ideal target of strictly 
infinitesimal thickness 6x, with U= V/Vx. Then 
with a real target of thickness X, neglecting the 
other corrections, the intensity is Xi(U’), where 
eVxU’ is the kinetic energy of a cathode ray 
retarded from eVxU by going a distance x in 
silver, and the bar denotes an average from x =0 
to x=X. Neglecting second-order terms, we 
obtain 


U’ = U+-x(dU' /dx). (1) 


Then, approximately, so long as U’>1 even at 
x=X, 
eee dU’ 
Xi(U') = xi( U+ 1x—) 
dx 
dU' di 
= Xi(U)+4X*— —. (2) 
dx dU 


When U’<1 at x=X, of course, if di/dU is 
discontinuous at U=1, the second order terms 
become infinite and the whole theory must then 
be treated differently. Without going into detail, 
it is evident that the relation between the 
observed intensities and Xi(U) is then of the 
type represented in Fig. 3. The test for a finite 
value of di/dU at U=1, so far as it can be made, 
is therefore to see whether an extrapolation like 
that shown in the dotted line of Fig. 3 strikes the 
potential axis with a finite slope; and if we had 
accurate data on dU’/dx we might add also a 
requirement that the intercept should be at the 
value of U noted in the figure. 

If now the target is assumed to be non- 
uniform, the range of U over which the observed 
curve departs from the formula calculated above 
depends not on the mean thickness X, but on the 
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maximum Xyax as indicated in Fig. 3. To make 
the extrapolation of Fig. 3 possible, Xinax must be 
small enough so that this range of upward 
curvature will be restricted to a range of U lying 
well within the straight portion of the corrected 
intensity Xi(U). Consider, for example, one of 
our films which had X = 280A. The retardation in 
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Fic. 3. Effect of retardation of cathode rays on intensities 
of x-rays near U=1. 


this distance at U=1 is only about 0.15 kv, at 
least as calculated from such data on dU'/dx as 
we have found in the literature. Therefore with 
Ve=25.5 kv, XdU’/dx =0.006. This is so small 
that we can readily allow Xnax to be several times 
X without seriously impairing the test. 

To see whether Xmax is within that limit, let us 
consider further the method of preparation of the 
films. The best way to secure uniform thickness 
was suggested to us by Joffé before our measure- 
ments of 1928, and later confirmed by the 
experiments of Reinders and Hamburger.® It is 
to keep the target cold with liquid air during the 
deposition of the film. The theory of this is that 
at room temperatures (at least if the real 
surface of the target is a nonmetallic adsorbed 
film) any lone silver atoms either migrate along 
the surface or re-evaporate; therefore permanent 
accumulation of silver starts only at the rare 
points where two lone atoms happen to come 
together before either of them re-evaporates. 
The silver that accumulates is then in the form of 
crystals growing around these points. At liquid 
air temperature, on the contrary, migration and 
re-evaporation are prevented, and the silver 


5 W. Reinders and L. Hamburger, Ann. d. Physik 10, 


649 and 668 (1931); Hamburger, ibid. 10, 789 and 905 
(1931), and 11, 40 (1931). 
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accumulates everywhere into a smooth film. 
Nevertheless, we were reluctant to subject our 
beryllium targets to such sudden changes of 
temperature as in using liquid air. Experimenting 
on copper targets first, therefore, we found that 
slow deposition, by sublimation from silver wires 
kept just below their melting point, gave matt 
surfaces, easily resolved by a microscope into 
glittering silver crystals. On the other hand, 
distillation from molten silver in a molybdenum 
trough, several hundred degrees hotter, gave 
perfect mirrors, especially if the trough had 
previously been heated in hydrogen to clean the 
molybdenum and silver and make good thermal 
contact between them. All this is exactly as 
expected from the above theory. We believe, 
therefore, that in using rapid distillation (20 to 
50A thickness per second) we accomplish some- 
thing of the same objective as with a cold 
target. 

As to how uniform these films are, one line of 
evidence is the practically complete disappear- 
ance of the color of copper with about 50A of 
silver and perfectly complete with 100, which 
may perhaps mean complete covering of the 
copper surface at such thicknesses. For com- 
parison, we have 45A, given by Reinders and 
Hamburger as the thickness needed for ap- 
preciable electrical conductivity in silver films-on 
glass made by sublimation at room temperature. 
At 400A such films attain the very high con- 
ductivity of massive silver. This implies for 400A, 
not only complete connections between crystals, 
but also a fair approximation to the uniformity of 
thickness required for a minimum of resistance. 
Altogether it seems reasonable to assume that 
with fast distillation we probably had deposition 
practically everywhere by the time the mean 
thickness was 50 or 100A. From there on, as 
indicated by Reinders and Hamburger’s theory 
of deposition, there should be no appreciable 
increase in the sizes of the irregularities. In 
studying the fine structure of the excitation 
function, therefore, we shall assume that all of 
these films, both those of our 1928 paper? and 
later ones, had their maximum. thicknesses 
within a very few hundred Angstroms of their 
averages. 

At some of our higher voltages, as noted above, 
we used not only silver films on beryllium, but 
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also other films, of silver leaf about 1800A thick, 
with no backing. This leaf, of course, was far 
from uniform, obviously porous in a strong light, 
and not a perfect mirror. Fortunately, however, 
we do not need to rely on it except at voltages so 
high that it can be very non-uniform without 
serious error. 

The measurement of thickness of thin silver 
films can be accomplished in either of two ways. 
One is by the use of x-rays from a standard 
Coolidge tube. If these rays are sent through the 
film, their spectrum is given a discontinuity at 
the K limit of silver, and the thickness of the 
film can be found from the magnitude of this 
discontinuity. Practically, to make it show 
strongly enough with a film only a few hundred 
Angstroms thick, the rays must go through the 
films very obliquely, say at about 3°. With silver 
leaf, on the other hand, one may use 10 sheets or 
so with normal incidence. The other method of 
measurement is by comparison of intensities of 
line rays, between the thin film and a thick 
target, as explained in our 1928 paper. For the 
thickest film used then, 280A, these methods 
agreed as noted there, far better than one might 
expect. For the silver leaf used recently, 10 
sheets measured by absorption gave a mean 
thickness of 1770A, whereas 3 measured the 
other way gave 1900, 1650 and 1700A according 
to our formulas of 1928. For the thinner films, 
both methods are very inaccurate, but for the 
thicker films the absorption method is preferable 
because of the uncertainties as to cathode-ray 
retardation involved in the other method. We 
are therefore basing our estimates of thickness 
primarily on the absorption in these thickest 
films, and thinner ones are estimated by ratios of 
their line intensities to a mean of those of the 
three silver leaf films. 

So much for the problem of uniformity of 
kinetic energy of impacts. A matter of equal 
importance in studying any ionization proba- 
bility as a function of voltage is to insure that the 
number of cathode rays striking the film per 
second shall be the same at all voltages. For our 
1928 work, we approximated this condition well 
up to 65 or 70 kv with a tube much like a 
standard Coolidge tube except that the electrodes 
were demountable and that it was pumped 
during operation. (Mercury vapor was kept off 
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the films at other times by a cock in the vacuum 
line at the top of the liquid air trap.) At higher 
voltages, however, keeping the power down to 50 
watts, to retard the disintegration of the brittle 
beryllium targets, serious difficulties arose from 
field-current and positive-ion effects. To over- 
come these and obtain a satisfactory technique 
for intensity measurements at high voltages 
with small currents, we developed a new type of 
tube, described in detail in the Review of Scientific 
Instruments.® 

To the treatment of the general problem of 
such measurements given there, we need add only 
some details on the special anodes used here. 
For films on beryllium, the anode was a simple 
cylinder, oil cooled inside, with a flat end for the 
target, 21 mm in diameter, perpendicular to the 
axis. The cathode rays struck this end normally, 
on a focus 6 mm in diameter, expanding to 8 mm 
in very much overexposed pinhole pictures, but 
never more; and this focus was centered to 
within 1 mm, so as to eliminate any danger of 
losing cathode rays beyond the edge of the 
target. To catch rediffused electrons, we mounted 
a cylindrical steel fence, of inside diameter equal 
to the diameter of the target, and of length 12 
mm, coaxially with the target, with its nearer 
edge 5 mm in front of the target. While this fence 
is not of vital importance, it helps to insure 
accuracy in our rediffusion correction by catching 
most of the rediffused electrons and preventing 
them from being attracted back to the target 
face. 

For using silver films without the beryllium 
backing, we mounted them on the end of a 
hollow cylinder, or tube, 21 mm o.d. like the 
beryllium target, and 16 mm i.d. In front of the 
film, to prevent the electrostatic field from 
tearing it to pieces, were two grids of 0.1 mm 
tungsten wires, threaded through holes in a 
sleeve that fitted over the cylinder holding the 
film. Two such holders were used. The first, made 
of copper, had the cylinder bored to a depth of 29 
mm. The second was made of aluminum, to be 
more nearly free from rediffused rays from the 
bottom of the hole, and was 63 mm deep. The 
films were stretched very flat, giving them 
almost no freedom of motion and _ insuring 


‘ D. i. Webster, W. W. Hansen and F. B. Duveneck, 
Rev. Sci. Inst. 3, 729 (1932). 
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against wrinkles that would allow any x-rays 
going to the spectrometer (at 5° from the plane 
of the film) to suffer serious absorption. 

The spectrometer is of the Bragg type, with a 
Seemann slit, used with the familiar precautions 
against errors due to changes of size or position 
of the cathode-ray focus. The main point here, of 
course, is to have all slits wide enough to include 
all the rays of either line of the Ka doublet that 
will reflect from the crystal when it is set for the 
line measurement. Incidentally, the range of 
continuous spectrum should be limited by only 
one slit, the one we use for this purpose being the 
Seemann slit. To minimize the deduction for 
continuous spectrum rays, this slit is made as 
narrow as is consistent with certainty of in- 
cluding all the line rays. 

The only new feature of this spectrometer is 
the ionization chamber, which was made in two 
compartments with opposing potentials to cancel 
natural ionization, only one compartment being 
exposed to the x-rays. The slight residual effect 
due to unavoidable inequalities is cancelled by a 
collector of natural ions in the pipe carrying the 
wire to the electrometer. Since all compensation 
here depends on natural ionization, this appa- 
ratus is better than the usual radium-compen- 
sated chambers, in being much less sensitive to 
changes in the emanation content of the air 
around it. 

The electrometer was of the Compton type, 
used ballistically as explained elsewhere.’ It was 
checked often with a potentiometer, to make sure 
there were no departures from linearity greater 
than one percent, and corrections were made for 
such departures as there were. In short exposures 
of the chamber to the rays, such as 10 or 20 
seconds, as used with silver on beryllium, a 
group of electrometer readings at one setting 
would usually give a mean deviation of individual 
readings of about 0.3 percent. Deducting the 
continuous spectrum, the mean deviation in a 
line intensity measurement would be relatively 
greater, ranging from about 1 percent, in the 
neighborhood of U=2, to 2 or 3 percent near 
U =7. With silver leaf, the tube current had to be 
limited to 40 microamperes or less, giving weaker 
rays and requiring longer exposures, usually 60 


7D. L. Webster, and R. M. Yeatman, J. O. S. A. and 
R. S. I. 17, 248 (1928). 
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seconds. These gave more chance for errors from 
zero shifts, unbalanced fluctuations of natural 
ionization, etc., but the deduction for the 
continuous spectrum was much less. So here also, 
2 or 3 percent is a fair estimate for the errors. 

The deduction of the continuous-spectrum 
intensity just mentioned can be made in either 
of two ways. The most obvious, graphical 
interpolation, was used with our first 5 films, in 
our work up to 85 kv reported briefly in 1928. 
More recently, however, we have used an 
analytical method, depending on a Taylor's 
series for the continuous spectrum intensity 
about the a-line glancing angle 0. (This angle is 
the middle of the short flat top of the peak given 
by the slit width conditions described above.) 
Writing the series as 


1(0) = I(0a) +01(8— 0a) +02(8—8a)?+:+-, (3) 


we apply it to 5 angles, equally spaced with an 
interval @,=0° 13.5’. These angles, taken in 
increasing order, will be called @_2, 0-1, 0a, 041, O42. 

A simple linear interpolation, 3 | /(@-1)+](@4:)}, 
is sufficient for use with the silver leaf targets 
without backing, because with them the con- 
tinuous spectrum is very weak. With films on 
beryllium, however, it is definitely incorrect if (as 
is usually the case) the graph of the spectrum is 
appreciably curved at @., i.e., if the quadratic 
term in the series is appreciable. The next 
approximation, covering both the quadratic and 
cubic terms, is obtained by adding to the first 
(1/6) | 261) +1 (041) —1(0-2) —I(@42)}. This is 
sufficiently accurate for all practical purposes, as 
shown by tests with a bare beryllium target, and 
probably at least as accurate as the graphical 
method, as well as faster—an important ad- 
vantage when using perishable targets. 


B. Data 


Measurements were made with thirteen films, 
denoted here by letters a to m, the first nine 
being silver on beryllium and the last four free 
silver leaf. Films a to e were made by successive 
depositions of silver, with care never to touch the 
surface. Each one therefore included those before 
it, though films a to d were used so little that film 
e was practically fresh when first put to use. 
This film, however, was used for a long series of 
measurements, and then the tube was dismantled 

















K-ELECTRON 


and work was started on a tube for higher 
voltages. Before the beryllium target was used 
again, therefore, the silver was removed with 
cyanide and the surface was ground down on a 
lathe, far enough to remove any minute pits into 
which the silver might be rubbed in cleaning. 
Then it was polished and tested for silver K 
radiation, of which no trace could be found. 
Then film f was deposited and used, and the 
same process was repeated. Film 7 was on a new 
beryllium target. 

While the data from all the films were con- 
sistent, they differed in accuracy for various 
reasons, and we are therefore discarding the less 
accurate ones. These include: films a, ), c, g, 
which were too thin to give rays as intense as 
were desirable; film h, which was marred by 
transil oil seeping through a crack in the beryl- 
lium target; and film j, the first silver leaf 
without any backing, which got torn too soon to 
give a comparison of intensities at different 
voltages. The films retained differ considerably 
in the values of the corrections they need, and 
the data on which the corrections are based are 
not so good as we may hope for later. We are 
therefore presenting the most essential data here 
without any corrections, for use at any time 
when the corrections can be calculated more 
exactly than now. 

To make the data on different films com- 
parable, in spite of different thicknesses and 
different adjustments of the electrometer and 
other instruments, it is desirable to express all 
intensities for each film in terms of the intensity 
for that film at a standard voltage. For this we 
have chosen U=2, the integer giving a higher 
efficiency of line-ray emission than any other, and 
so giving the greatest accuracy with films on 
beryllium. Intensities reduced to this standard 
will be denoted by j(U), to distinguish them from 
i(U), the absolute intensity per unit film thick- 
ness mentioned above. 

Two minor points about this reduction should 
be mentioned. One relates to films d and e, for 
which data were not taken at exactly the 
voltages listed here, on which most of the work on 
later films was concentrated. The values for d 
and e were therefore obtained by graphical 
interpolation from a graph of (log U)/j(U) 
against U, like that of Fig. 5, below. Values given 
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in parentheses are inaccurate because of stray 
currents at the highest voltages in the tube used 
in 1928. 

The observed intensities, reduced in this way, 
are given in Table I. 


TABLE I. Observed intensities, reduced to j(U). 




















On Beryllium Free Leaf, 1932-33 

U In steel and 

Inglassbulb Pyrex tube, |Copper Aluminum 

tube, 1928 1932 holder holder 

d,170A e, 280 f,450 7, 1400)k, 1900 /, 1650 m, 1700 
1.2 |} 0.39 0.394 0.401 0.418 0.387 
1.5 | 0.73 0.714 0.732 0.781 0.760 
2.5} 1.12 1.115 1.110 1.084 1.070 
3.0 |(1.16) (1.16) 1.176 1.110 1.078 1.074 
3.5 1.203 1.116 1.079 
4 1.203 1.125} 1.070 1.068 1.062 
5 1.210 1.103 | 1.043 1.037 1.036 
6 1.212 1.103} 1.023 1.005 0.987 
7 1.193 1.107/| 1.002 0.967 0.972 








C. Corrections 


As noted above, all these films must be 
corrected for such systematic errors as are 
inherent in the diffusion and retardation of 
cathode rays in any thin film. Furthermore the 
films on beryllium and the one on the copper 
holder must be corrected to eliminate the x-rays 
produced by cathode rays striking the films for a 
second time because of rediffusion. And those on 
beryllium need still a fourth correction, to 
eliminate fluorescence of the film under x-rays 
from the beryllium. 

Two of these corrections, those for diffusion 
within the film and rediffusion from the beryl- 
lium, have been treated at length in a previous 
paper.® The effect of diffusion is to make each 
cathode ray, in its passage through the film, take 
a curved path and thereby go through more 
atoms than it would if it went straight. For a film 
of uniform thickness Xo, the mean length of path 
is a function of U which we call X(U). For 
absolute intensities, if we could measure them, 
the correction would consist in multiplying the 
observed intensities by Xo/X(U). For relative 
intensities reduced to unity at U=2, the cor- 
rection factor is X(2)/X(U), which we shall call 
ca, the correction for diffusion. 


8D. L. Webster, H. Clark and W. W. Hansen, Phys. 
Rev. 37, 115 (1931). 
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The calculation of X(U) involves several 
approximations of the type sec 6= 1+6°/2, which 
is nearly one percent low at @=25°, or sec 
6= 1.10. Taking these approximations altogether, 
the error in X(U)/Xo at any given value, such as 
this 1.10, may be two or three times as large as 
that in sec @ at the same value. This makes the 
values of ca for our thicker films at low voltages 
very uncertain. In tabulating them we are 
therefore using parentheses to indicate probable 
errors of 5 or 10 percent in X(U)/Xo, and square 
brackets for figures even more unreliable. At high 
voltages, however, since the excess of X(U)/Xo 
over unity varies nearly as U~*, the error in 
X(U)/Xo decreases rapidly. ca then approaches 
X(2)/Xo, keeping only such constant error as 
there may be in this ratio. The ratio of cy at 
U=4 to that at U=7, for example, must be free 
from any serious error. With these reservations, 
the values of ca are listed in Table II. 


TABLE II. 100(ca—1). 








Free Leaf 














On Beryllium 
d, é, 3 t, k, l, m, 

U |170A 280 450 1400 | 1900 1650 1700 
1.2 |)—-1.7 —2.9 —4.7 [—12.4] [—14.0] 

15 |}-0.77 —15 -—2.3 (—5.7) (—7.3) 

25 |+05 +0.7 +10 +3.2 +3.7 

3.0 | +0.8 1.1 1.6 5.7 6.2 6.4 
3.5 2.0 6.3 7.4 

4 2.2 7.41 9S 8.2 8.5 
5 2.5 8.1 | 10.9 9.4 9.7 
6 2.7 8.7 | 11.7 10.2 10.5 
7 2.8 9.0 | 12.2 10.5 10.8 





| 





The rediffusion correction also is calculated as 
in our paper of 1931,° but with changes for more 
recent data on rediffusion, found by Neher.'° 
Such data as were previously available had 
indicated that the rediffused electrons probably 
departed notably in their directional distribution 
from the simple cosine law. But Neher’s data 
(both those in the abstract cited and others very 
kindly furnished us by letter) prove these 
departures to be actually too small to consider. 
In the formulas derived in our previous paper, 
this changes a factor called S from 2.11 to 2.00. 
A more important effect of Neher’s data is on the 


9D. L. Webster, H. Clark and W. W. 
Rev. 37, 115 (1931). 
10H. V. Neher, Phys. Rev. 37, 655 (1931). 
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value to be adopted for the so-called rediffusion 
constant, p. Data previously available were all on 
elements from aluminum to gold, for which p is 
practically independent of U, and extrapolation 
had indicated for beryllium a value p=0.043. 
Neher, however, found for beryllium 0.029 at 
70 kv and 0.025 at 130, with intermediate values 
between. For extreme accuracy, this dependence 
on voltage should produce some changes in the 
method of calculating the correction to our data. 
Practically, however, since the correction is 
small anyway, and these changes all reduce it 
still further, it is sufficient for the degree of 
accuracy attainable to date to assume p=0.025. 
In the final values of the correction, p and S 
enter only in their product, which is thus 
changed from 0.090 to 0.050. 

In our previous paper, there was considerable 
uncertainty in the energy distribution function 
for the rediffused electrons, but calculations with 
several alternative functions showed that changes 
could be made over a wide range without 
seriously affecting the result. It is therefore of 
interest to note that new data by Chylinski" on 
silver confirm the idea that this distribution 
function is within the range considered. These 
functions were of two types, chosen for inte- 
grability in connection with two empirical 
intensity formulas. The latter were almost 
equally good up to U=3.3, our limit in 1928, but 
one of them fails at higher voltages. The present 
corrections are therefore extended to U=7 on 
the basis of the other one, that the line intensity 


is 


1(U) =const X U~®-§ log U. (4) 


With the free films, not on beryllium, one 
cannot entirely neglect rediffusion, because the 
cathode rays must eventually strike something, 
and some of them can then rediffuse to the film. 
The first apparatus we used to hold such films, as 
described above, was made of copper. For this, 
calculations based on the cosine law of distri- 
bution and a value of 0.29 for the rediffusion 
constant of copper show this correction to be 0.9 
as large as for films on beryllium. But with the 
aluminum holder used later, this factor is 
reduced to 0.1, making the correction negligible. 

These corrections, with pS= 0.050, are given in 


4S, Chylinski, Phys. Rev. 42, 393 (1932). 
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Table III in terms of the factor c,, by which the 
intensities must be multiplied to correct for 
rediffusion, still keeping the intensity at U=2 
unity. 

TABLE III. 100(c,—1). 














On Beryllium Free Leaf 

On copper On aluminum 
holder film holder films 

U | films d, e, f, 7 k /and m 

1.2 +1.6 +1.4 +0.2 

1.5 +1.0 +0.9 +0.1 

2.5 —0.7 —0.6 —0.1 

3.0 —1.2 —1.1 —0.1 

3.5 —1.6 —1.4 —0.2 

4 —1.9 —1.7 —0.2 

5 —2.2 —2.0 —0.2 

6 —2.4 —2.2 —0.2 

7 —2.6 —2.3 —0.3 











! 
' 





Turning now to the correction for retardation 
of the cathode rays, the main principles of this 
have already been stated in connection with the 
preparation of films, in Section IA. By Eq. (2) 
there, it can obviously be put into the form of a 
factor c, like ca and c,, above, as soon as we have 
approximate data on 1(U), di/dU and dU’/dx. 
For the first two of these functions, the uncor- 
rected data of Table I are sufficient, or one may 
use the empirical Eq. (4), above, which readily 
gives 


c2=(14+Xf(2))/[1+Xf(U)], (5) 
where X is the thickness of the film and 
f(U) =} (dU'/dx) ver UU {| —0.8+ (log U)-"}. (6) 


For dU’/dx, the data in the literature are 
somewhat contradictory, but it seems to us best 
to use an empirical equation found by Williams” 
for light elements, modifying it slightly. In our 
notation, it is 


Vx(dU' /dx) = —app-* (7) 


where 8=1/c as usual, p is the density, and ais a 
nearly constant factor a few percent over 1.06 
kv cm?/g. We shall take the numeric of a to be 
1.1. 

One modification needed for heavy elements, 
since retardation is done only by extranuclear 
electrons, is the insertion of a factor 2Z/A, where 
Z and A are the atomic number and weight. This 
is probably not a sufficient change, since it 
weights all electrons alike and the tightly bound 
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K and L electrons of silver should not be counted 
in full; but it is probably good enough for the 
present purpose. 

Another modification, for convenience, is the 
approximation, good within 15 percent over our 
range of voltages, that 


U=(8/Bx)**. 
Together, these lead to 


dU’ /dx = — (2.1108 cm-") U’—*, (9) 


(8) 


With these equations, we find corrections for 
our films as shown in Table IV. 


TABLE IV. 100(c,—1). 








U’ d,170A e, 280 f,450 i, 1400 k, 1900 /, 1650 m, 1700 





1.2 +06 +10 +16 +5.0 +5.9 
15 +01 +02 +03 +1.0 +1.2 
2.5 0.0 0.0 —0.1 —0.2 —0.3 
3.0 0.0 00 -01 -03 -04 -03 -—03 
5 —-0.1 -03 -05 -04 -04 
7 -0.1 -03 -05 -04 -04 








Only one correction remains; namely, that for 
fluorescence of the silver films on beryllium, 
under continuous-spectrum x-rays from the 
beryllium. In our 1928 paper, we estimated values 
for that on the basis of equations taken from an 
earlier paper,’ on thick silver, in which rays 
produced directly by impact ionization were 
compared with those produced indirectly by 
fluorescence. The latter were calculated by 
integration with respect to depth into the target. 
For silver films on beryllium, we took the 
integrand of this integral, multiplied it by the 
thickness of the films, and multiplied it also by 
4/47 on the assumption that the continuous- 
spectrum rays causing the fluorescence would be 
simply proportional in intensity to the atomic 
number of the element they come from. 

This assumption may hold well enough for 
rays emerging at large angles from the face of the 
target, but at small angles it is incorrect, because 
of absorption in the target. Although this error 
becomes notable only below about 5° or so, it is at 
exactly such angles that the silver film can 
absorb the largest fraction of the rays. Changing 
to a more detailed calculation, therefore, the 
fluorescence correction is increased by an un- 


2 —D. L. Webster, Proc. Nat. Acad. Sci. 4, 330 (1928). 
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expectedly large factor, becoming for high volt- 
ages the largest of the four corrections. It was on 
this account that we decided to supplement our 
data on films on beryllium with others on free 
films, at least for high voltages; and it was 
primarily this change in the fluorescence cor- 





Li) «/2 


xsu=3f 


= se 


Here J(vo, v)dv is the intensity of the beryllium 
spectrum in the range dy, in directions perpen- 
dicular to the cathode rays (other directions 
counting but little), vo is the high-frequency 
‘limit, and vx the K limit of silver. uw is the 
absorption coefficient of silver at frequency v, and 
ux the part of it due to K electrons. @ is the angle 
made by any ray with the normal to the target. 
U, is the fluorescence yield of silver for its a-lines 
only. 

For values of these quantities, we take uw and 
ux to be proportional to v~“*, using Richtmyer’s" 
values at the K limit. For u., we use Balder- 
ston’s" value 0.62. 

For I(vo, v) a first approximation is to call it 
simply proportional to (vy—v). This is in line 
with measurements by Wagner and Kulen- 
kampff'* on many elements up to 12 kv, and by 
Webster and Hennings* on molybdenum up to 
70 kv, and it yields a quickly converging series 
for f(U). But special measurements to test it here 
indicate that it is considerably in error at high 
values of vo/v, the graphs of J(vo, v) against vo 
being concave downward. To correct for this, we 
have plotted several such graphs for various 
values of v, and modified the corrections ac- 
cording to them arithmetically. Fortunately, the 
region fairly near vx contributes nearly all the 
fluorescence rays, even at high voltages. There- 
fore, while we cannot claim great accuracy for it, 
without any direct test of (vo, v) as a function of 
v, it is probably much more accurate when 
calculated this way than by the simple linear 
formula. 

13 PD. L. Webster, W. W. Hansen and F. B. Duveneck, 
Phys. Rev. 42, 141L (1932) and 43, 384A (1933). 

4 F, K. Richtmyer, Phys. Rev. 27, 1 (1926). 

15 M. Bladerston, Phys. Rev. 27, 696 (1926). 

1 E, Wagner and H. Kulenkampff, Phys. Zeits. 23, 
503 (1922). 


J KK Va " 
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rection, rather than any difference between the 
new data and the old, that necessitated a revision 
of our intensity values between two recent 
abstracts. 

The integral for the intensity of fluorescent 
rays, assuming the film to be of infinite area, is 


(10) 
ee 





Another correction to this integral is for the 
fact that the depths of production of the beryl- 
lium rays at high voltages are not strictly 
infinitesimal in comparison to the radius of the 
target, 10.5 mm, so the target cannot be con- 
sidered as of infinite extent. At U=7, for 
example, the extreme case, Williams’s'’ re- 
tardation formula for cathode rays shows a range 
of 0.030 mm. At half this depth, however, 
Bothe’s'® diffusion formula shows a most proba- 
ble angle of deviation just over one radian. So 
the mean depth of production of x-rays will not 
be half the range, but something nearer a third of 
it. Even this, however, is appreciable, on account 
of the sec @ in Eq. (10), and it requires a change in 
the limit of integration with respect to 6, from 
7/2 to the angle for rays going to the edge of the 
target. 

To use the fluorescence intensity thus calcu- 
lated for correction of the line intensity, the 
essential point to note is that it is expressed in 
terms of the continuous-spectrum intensity from 
beryllium. It can therefore be related directly to 
the observed continuous intensity at the silver 
lines. One must of course take proper account of 
the fact that the ratio of electrometer readings for 
line and continuous rays depends on the resolving 
power of the spectrometer. This is easily done, 
however, by using the ratio of the area of the 
line, plotted on any scale, to the ordinate in the 
continuous spectrum under it, this ratio being 
independent of resolving power. 

Altogether, this correction is not only arith- 
metically cumbersome but at high voltages the 
least accurate of the four. In tabulating it, 
therefore, we are indicating relatively large 
probable errors by parentheses. The values, in a 


‘TE, J. Williams, Proc. Roy. Soc. A130, 310 (1932). 
18 W. Bothe, Handbuch der Physik XXIV, 18 (1927). 
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form analogous to that used for the other 
corrections, are in Table V. 


TABLE V. 100(c,—1). 

















l d e f i 
1.2 +2.8 +2.8 +2.7 +2.0 
1.5 +21 +2.0 +1.7 +1.4 
2.5 —}.t 4.1 —1.2 2 
3.0 —2.8 —2.6 —2.5 —2.5 
3.5 —3.7 —3.7 
4 —5.0 —4.9 
5 (—7) (—7) 
6 (—9) (—8) 
7 [—11] [—10] 
D. Results 


These corrections are now applied to the data 
of Table I. The results are tabulated for the 
individual films in Table VI and then averaged in 
the last column, ‘‘weighted average.” 

The weighting here is based on various con- 
siderations. These include of course the numbers 
of measurements at each point, and also questions 
of reliability, on the basis of which, for example, 
the data of 1928 at the highest voltages used then 
are discarded entirely because of stray currents in 
the tube. A further question of reliability relates 
to the corrections, especially those for fluores- 
cence, which is large and unreliable at high 
voltages, and for diffusion, which becomes un- 
reliable at low voltages in thick films. On this 
basis we favor the free silver leaf films at high 
voltages and the films on beryllium at low. 
However, these questions of judgment are not of 
primary importance, because the data of both 
types agree fairly well anyway. 

This weighted average is taken now as the 
function of U to represent either the line 
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intensity or the ionization probability, each on 
the arbitrary scale making it unity at U=2. To 
distinguish it from the uncorrected reduced 
intensity j(U), of Table I, we shall call it the 
corrected reduced intensity, jo(U). 

A graph of j(U) is given in Fig. 4, with 
dotted curves for two empirical equations, 


ji(U) =2(m,+2)-(1—U™)/(m+U) (11) 


and 
j2(U) =(2/U)™(log U/log 2). (12) 


with m,;=4 and m.=0.783. 
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Fic. 4. Graph of corrected reduced intensity, 
jo(U) against U. 


While j:(U) represented our 1928 data fairly 
well as far as they went with m,=3, and it may 
be the more convenient function to use in some 
calculations, it is evidently not nearly so good as 
j2(U) for the whole range of U now available. In 
je(U) the method of choice of a best value for mz 


TABLE VI. Corrected reduced intensities, jo( U). 

















| On Beryllium Free Silver Leaf, 1932-33 

On Cu On Al Weighted 

1928 1932 holder holder average 
U d, 170A e, 280A f, 450 i, 1400 k, 1900A 1, 1650 m, 1700 jo( V) 
1.2 0.403 0.404 0.406 [0.40 } [0.36 } 0.404 
1.5 0.748 0.726 0.737 (0.763) (0.714) 0.733 
2.5 1.115 1.103 1.100 1.095 1.105 1.103 
3.0 (1.12) (1.13) 1.150 1.129 1.140 1.137 1.138 
3.5 1.162 1.135 1.153 1.153 
4 1.145 1.134 1.148 1.149 1.146 1.145 
5 (1.13) (1.09) 1.131 1.128 1.130 1.123 
6 (1.11) (1.07) 1.115 1.101 1.085 1.099 
7 [1.07 ] [1.06 } 1.095 1.062 1.070 1.072 

















850 WEBSTER, HANSEN AND DUVENECK 





0.9 a 


a va 
yr 














— 


© 
£0g 
7o(/) 















































“a 
yy 
2. N — — 
— 
a2 
Log l,— 
2) 0.7 a2 a3 0.4 as o.8 > A oe a9 


Fic. 5. The points show log U’/jo( Ll’) as a function of LU’; the line represents 
log U/jo(U) with m,.=0.783. 


appears more clearly in Fig. 5, where the information on dU’/dx in Section IA would 
variables are chosen to make j2(U) give astraight indicate 150 volts if the film were strictly uniform 
line of slope me. 

In addition to the data at the voltages tabu- OA 
lated here and shown in these graphs, we have 
data for film e at many other voltages. These /ntercept js atU=],005/ 
were shown in a graph in our 1928 paper, but are tor the 260A film ll 
not repeated here nor extended in that form, here it should be 15v 
because they showed no departures beyond limits 0.3 |}- 
of error from a smooth curve, and there is every 
reason to expect the curve to be smooth, except 
at U=1. 

The break at this point, however, is very 
significant, as noted in Section IA. It was 
therefore checked further with several films, and 
studied especially carefully with film e, with 
results shown in Fig. 6. Comparing this with the 
theoretical form for such a curve, shown in Fig. 3 
above, it is evident that with a film so thin as 
this one, the whole region of upward curvature 
due to thick target effects is very small. This 
facilitates greatly the test for a finite slope at 
U=1, which consists, as noted above, in an 0 | it | | 
extrapolation downward from a part of the curve 08 0.9 10 Ll 12 
safely above this thick-target region. Just how U 
far one must go for this is difficult to say. The Fic. 6. Graph of j(U) for film e near U=1. 
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and if it had no carbon on it. But strict uni- 
formity is improbable, and there was enough 
carbon to retard cathode rays by an amount not 
negligible in comparison with 150 volts. At that, 
however, 150 volts takes us only to U=1.006, 
and one might begin the extrapolation many 
times as far above U=1 without impairing the 
test. It is evident that any such extrapolation 
proves the slope at U=1 to be finite and not 
zero. 

Incidentally, the intercept of the extrapolated 
curve is about 130 volts above U=1, whereas the 
predicted value is 75 volts. The 55 volt difference 
is presumably the retardation in the carbon, and 
judging by our records of its color and our later 
measurements® on such films, this value is 
reasonable. With further study such measure- 
ments may prove useful as a means for measuring 
dU'/dx in films prepared for that purpose. 


Il. THEORETICAL 


A. Comparison of wave mechanics with our 
experiments and others 

The wave mechanics has been applied with 
considerable success to several other problems of 
electron impact, but relatively little has been 
done with it for the present problem. Elastic 
impacts and excitations of discrete levels have 
been treated by several authors, notably Massey 
and Mohr.'® Ionization by electron impact has 
also received considerable attention from Ochiai,” 
Bethe*! and others, even including work on the 
effects of relativity by a method due to Moller.” 
But so far as we have found, all the work on 
ionization has been done by Born’s approxi- 
mation, which is intended only for cathode rays 
of kinetic energy large compared to the ionization 
energy. Just how large it must be is uncertain, 
but one may question whether any such theory 
can be tested reliably with data extending only to 
U=7. This is even more questionable when, as 
in the present case, the data are not absolute 
probabilities, but only relative, because then the 


1H. S. W. Massey, Proc. Roy. Soc. A129, 616 (1930); 
H. S. W. Massey and C. B. O. Mohr, ibid. 135, 258 and 
136, 289 (1932), and 139, 187 (1933). 

« *K. Ochiai, Proc. Phys. Math. Soc. Japan 11, 43 (1929), 

**H. Bethe, Ann. d. Physik 5, 325 (1930). 

2C. Moller, Zeits. f. Physik 70, 786 (1931); Ann. d. 
Physik 14, 531 (1932). 
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data even at U=7 acquire meaning only by 
comparison with data at still lower voltages. 

With this understanding, however, we shall 
compare our data as well as we can with Bethe’s*! 
theory, which seems nearest to our conditions. 
This theory, like most, predicts an absolute 
probability of ionization by a cathode ray, 
rather than either our relative probability jo(U) 
or even the x-ray line intensity, which depends 
also on events: subsequent to ionization. The 
absolute probability is defined most conveniently, 
not in terms of a path length Ax in metal, but as 
(probability of ionization) + (number of atoms 
per unit area of target). This identifies it as the 
cross-section area of each atom effective for 
ionization. As applied to the present case of K 
electrons, by neglecting relativity, Bethe’s value 
for this may be written as 


®p(U) = (me? /Vx*)-(2b/U) In (4U/B), (13) 


where b and B are constants for any given 
element and shell, and the 2 comes from the 
number of electrons in the shell to be ionized. 

Values are given for } for typical elements, 
including hydrogen and beryllium, for which it 
is 1, and silver, 0.32. B is described, for elements 
in which the K shell is well buried, as of the 
order of magnitude of unity. For hydrogen it 
becomes 0.638 for a cross section for ionization 
and excitation put together, but only 0.048 for 
ionization alone; and for valence electrons in 
general the corresponding constant is probably 
more of the order of 0.1 than 1. Beyond these 
qualitative statements, however, there is no 
value predicted for B. 

To get what information is available about it, 
before comparing the theory with our data, one 
should examine such data as are available on 
thin targets at voltages so high that the approxi- 
mations of the theory are justified. The best data 
of this sort are on gases, in which the data are 
obtainable directly from ionization measure- 
ments, rather than x-ray intensities. Helium is 
the best, being the only gas but hydrogen with 
only one shell to ionize, and fortunately this 
is a K shell. For helium, data have been taken by 
Hughes and Klein” Compton and Van Voorhis,** 

*3 A. L. Hughes and E. Klein, Phys. Rev. 23, 450 (1924). 


*K. T. Compton and C. C. Van Voorhis, Phys. Rev. 
26, 436 (1925) and 27, 724 (1926). 
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F1G. 7. Comparisons of Bethe’s theory and others with Smith's data on helium. 
The functions g(U) and &c(U) are explained in the next section. 


and Smith.” They differ somewhat in detail but 
their graphs are all of the same general character 
as ours for silver, so far as our graph goes. 
Smith’s data, the most recent, place the maxi- 
mum at U=about 4.5, fairly near ours, though 
with a higher value of j7(U) there. His data 
extend to 4.5 kv or U=183. This is so high as to 
give the best evidence of all on the value of B. 
Furthermore his data are not merely comparisons 
of probabilities at different voltages, but absolute 
measurements. As such, they check b as well as 
B. 

Multiplying @,(U), with b=1 and B=0.048 
(as for hydrogen), by the number of atoms per 
unit volume to which Smith reduced his data, 
the relation of this theory to helium is as shown 
in Fig. 7. 

If these values of b and B are indeed the best, it 
would seem likely that Bethe’s theory is accurate 
for values of U up in the hundreds, but that as U 
is reduced the theory becomes completely 
inapplicable long before reaching our upper limit 
U=7. Because of the approximations in the 
theory, however, it is possible that these values 
of b and B are not the best. We are therefore 
including also in Fig. 7 a graph for Bethe’s 
theory with b= 1.75 and B= 3. These values were 
selected to fit the data as well as possible, by 
Professor W. V. Houston, to whom we wish to 


% P. T. Smith, Phys. Rev. 36, 1293 (1930). 


take this occasion to express our heartiest thanks 
for many very interesting conferences on this 
subject. 

The fact that an increase of B from 0.048 to 
3.0 makes it possible to fit the helium data so 
much farther down toward the low values of U 
will be recalled later in connection with our data, 
which are fitted best with B= 6. 

In the meantime, however, there are other data 
at high U’s to be considered, taken by Lorenz” 
with aluminum. Lorenz used aluminum leaf, 
8000A thick, and estimated the low-voltage 
limit for regarding this as a thin target at about 
15 kv (about U=10) where the Thomson- 
Whiddington law would make the retardation 
only 1 kv. But this estimate does not allow for 
diffusion of the cathode rays. Bothe’s diffusion 
formula, used in our calculations of the correction 
for diffusion in Section IC, gives the most 
probable deflection of a cathode ray under these 
conditions as 56°, making the increase in 
effective thickness 48 percent. Under such con- 
ditions, as noted with our Table II, the approxi- 
mations used in the theory of the correction are 
very inaccurate, and the correction is probably 
greater than its calculated value. Practically, 
therefore, it seems difficult to interpret these 
data below about 25 or 30 kv, or U=15 to 20+ 
From there up to Lorenz’s limit, U=33, the 








** E. Lorenz, Zeits. f. Physik 51, 71 (1928). 
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data can be corrected reasonably well by this 
formula. For this calculation, we have read the 
experimental values from his Fig. 8, and cor- 
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Fic. 8. Comparison of Lorenz’s data on aluminum with 
Bethe’s theory. Crosses, data as observed; circles, as 
corrected for diffusion. 


rected them for diffusion, with results shown in 
our Fig. 8. Since the data are in an unknown 
unit, we have plotted the graph of Bethe’s 
formula on arbitrary scales, chosen to fit the 
corrected intensity at 30 kv, both with B=0 and 
with B=1. Evidently the theory and the data 
would agree better if B could go below zero, but 
at least they are qualitatively alike, and zero is 
the best value for B here. 

Returning now to our own data, with the 
conflicting evidence on B reviewed above, we 
shall treat B as a purely arbitrary constant. 
Since our data, like Lorenz’s, are in an unknown 
unit, we have used arbitrary scales for Bethe’s 
probabilities, with B= 4, 6 and 8, and plotted the 
results in Fig. 9. Remembering that the theory is 
not intended for voltages near U=1, there is no 
reason to expect the theoretical curve to strike 
the U axis there, and it is evident that the best 
value of B for our data is about 6. 

High as this value of B is, it seems probable 
that others of the same sort may be found. 
Preliminary measurements here by Webster, 
Kirkpatrick and Pockman on the La and §,-lines 
of gold at U=7 to 14 indicate that the decline of 
intensities is very slow, much as one might 
expect from extrapolation of our data on silver. 
This suggests high values of B for the gold Le» 
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and Lz, electrons, respectively. The Z,; electrons 
are not easy to test in gold because of the 
proximity of their strongest lines to those of the 
other sub-series. But Coster and van Zuylen”’ 
have used thin films of tungsten on beryllium, 
to compare the intensities of lines of the L sub- 
series. Up to U=3.3 for Lis, they find a rise 
in the ratio of the intensity of 8; (of L1;) to 6; (of 
I2:) or Be (of Lee), fast enough to indicate a 
considerable difference in the ionization proba- 
bility functions. This suggests that the maximum 
of the function for Zi1; must occur at a higher 
value of U than those of Zo: or Lee, and thus 
indicates a value of B for Li, even higher than 
for Lay or Les. 

(Note added in proof: It might be supposed 
that the slowness of this decline is due to the 
rise of LZ ionization produced indirectly, as a 
result of Ka transitions. One line of evidence 
against this comes from the Vx’ in the denomi- 
nator of each of the theoretical ionization func- 
tions, because this predicts that the number of 
such indirect L ionizations is small. Other evi- 
dence is the absence of any noticeable breaks in 
graphs of the observed JL intensities at the K 
ionization potential, which was included in the 
measurements, to test this point, even though 
it was excluded in the report made above, be- 
cause of cathode-ray diffusion. The slowness of 
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silver. 


27 —D. Coster and J. van Zuylen, Nature 129, 942 (1932). 
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the decline of intensity therefore depends pri- 
marily on the direct L ionization, as assumed 
above in deducing the high values of B for the 
L electrons. ) 

It must be remembered, however, that any use 
of Bethe’s equation for these low values of U isa 
severe strain on the approximations on which the 
theory is based. The use of his equation with 
large values of B, either in helium, silver, gold or 
tungsten, is therefore really on a semi-empirical 
basis. It is evident that the next step in testing 
the applicability of wave mechanics to the range 
covered by our data must be the development of 
a theory not limited to high values of U. 


B. Nonrelativistic classical quantum theory 


While the classical quantum theory is so 
badly out of date that we habitually discard it, 
the conclusion of the last section reminds us 
that the equations of classical theory are after 
all not bad as first approximations in many 
cases. In the present status of wave mechanics 
for this case, therefore, the classical theory 
should be tested as a temporary substitute. 

Three theories of the classical type are at 
hand. The first, devised by Davis” in 1918, was 
based on the simplest model of an impact, 
namely the impact of hard elastic spheres. One 
of these was the cathode ray, the other something 
about the atom, not defined. Further hypotheses 
were equivalent to taking the mass of the atomic 
sphere as that of an electron and assuming that 
ionization would occur whenever classical me- 
chanics indicated a transfer of energy as great 
as the ionization energy, but never otherwise. 
This theory predicted a value for @o(U) given by 


p(U)=D(1—U™), (14) 


where D is an arbitrary constant. 

The next theory, developed for ionization of 
gases by Thomson, and applied to x-rays by 
Rosseland,”® was exactly like Davis’s except that 
the spheres were electrons with the classical 
inverse-square repulsion. He predicted 


p(U) =(re?/V*x)-2-(1—U")/U, (15) 
where the constant factors are the same as in 


78 B. Davis, Phys. Rev. 11, 433 (1918). 
29 G. Rosseland, Phil. Mag. 45, 65 (1923). 


Bethe’s theory with 6=1. Its relation to Bethe'’s 
theory and Smith’s data is shown in Fig. 7. 

Thomas® introduced two innovations into 
Rosseland’s theory: (1) that the atomic electron, 
which had been treated as at rest, is in motion, 
with the speed of Bohr’s K electron; (2) that the 
cathode ray, just before its encounter with the K 
electron, has a speed greater than it had before 
entering the atom, because it has been attracted 
by the nucleus. The result was 

re? 1— U"+(2T/3)(1-— U-*) 
7(U) =——-:2- », (16) 
VK 1+7+U 
where T is the ratio of the orbital kinetic energy 
to the ionization energy, which for silver is 
1.278. 

To express the classical theory still more 
completely, we have recently*! introduced an- 
other innovation, discussed in more detail in the 
next section of this paper. This is the deflection 
of a cathode ray by nuclear attraction within an 
atom, before it reaches the K electron it is to 
ionize. Since the K electrons are very near the 
nucleus and this deflection is always toward it, 
the effect must be an increase in the chance a 
cathode ray has of coming near a K electron. 
The change in the ionization probability is by a 
factor (1+ 7+ U)/U. Thomas’s calculations take 
account of all other important factors, so far as 
we can see, with no seriously inaccurate approxi- 
mations except the neglect of relativity. There- 
fore we believe the application of this factor to 
his value for the ionization probability must 
give a reasonably complete and logical expression 
of the prediction of nonrelativistic classical 
quantum theory. With the subscript C for 
classical this gives 

re 1—U'+(2T/3)(1-—U-?) 
-(U) Ge shesees 2 an eit aia oman canal nes, 


Vx U 





(17) 


This formula, like Rosseland’s and Bethe’s, 
makes a prediction about the absolute value of 
the ionization probability. As Smith pointed out, 
and as Fig. 7 shows, the Thomson-Rosseland 
formula predicts ionization probabilities at high 
U’s much too low to fit his data. The (277/3) 


30 L. H. Thomas, Proc. Camb. Phil. Soc. 23, 829 (1927). 
31D. L. Webster, W. W. Hansen and F. B. Duveneck, 
Phys. Rev. 43, 384A (1933). 
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Fic. 10. Comparison of classical theory with data on silver and helium. 


term introduced in this theory helps to reduce 
this discrepancy, as shown in Fig. 7. (Note added 
in proof: Here T is assumed to be 1.4, as given 
by strictly classical theory, though it might be 
better to use 1.6, as indicated by the observed 
ionization potentials.) At that, however, the 
theory is only an approximation, even at high 
voltages, not nearly so good as Bethe’s. 

To compare the classical theory with our data 
on silver, expressed in an unknown unit, &¢(U) 
must be in an arbitrary unit. Presumably this 
scale should be chosen to fit the curve to our 
data over as wide a range as possible. The fact is, 
however, it simply will not fit either silver or 
helium well on any scale, as shown in Fig. 10. 

Turning to the data on other electrons dis- 
cussed in Section ITA, which are also in unknown 
units, Lorenz's data on aluminum have about the 
same relation to this theory as to Bethe’s with 
B=0, shown in Fig. 8. For L electrons, the 
classical theory for those with circular orbits is 
of course just like the theory for K electrons, and 
it would not fit our preliminary data on gold. For 
elliptical orbits (Z1:) the only modification of the 


theory is that the constant 7 becomes an average 
around the orbit. This leaves it still practically 
unity, and gives no good way to account for the 
difference in the LZ ionization functions found by 
Coster and van Zuylen. 

Evidently, even though the classical theory is a 
moderately good first approximation, though no 
more than that, for high values of U in helium, 
it is practically useless with U<10, even as a 
temporary substitute for a theory, for any 
element yet tested. 


C. Theory of deflection of a cathode ray before 
an ionizing impact 

It is indeed surprising that the classical 
quantum theory should depart from the data 
quite so badly as is shown by Fig. 10. Before 
accepting this conclusion, therefore, one may 
wish for more proof than our simple statement 
above, that the factor by which the probability of 
ionization is increased by the deflection of 
cathode rays really is (1+ 7+ U)/U. The purpose 
of this section is therefore to give such a proof. 

The essential basis for this proof is a feature of 
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classical ionization theory pointed out by 
Thomas: for a cathode ray to transfer to a K 
electron enough energy for ionization, it must 
approach the K electron to a distance so small 
compared to that of either of them from the 
nucleus that their relative motion is practically 
like that of two free electrons. More specifically, 
in an atom of atomic number Z, this distance 
must be of the order of 1/Z of the radius of the K 
orbit, which we shall call a. Ionizing collisions 
occur therefore only in a thin shell, with a mean 
radius a and a somewhat indefinite thickness of 
the order of a few times a/Z. With no irreparable 
loss of rigor, this thickness will be treated as if it 
were definite (calling it b), and the value of any 
function of the distance r from the nucleus will 
be taken for any point in this shell to be the same 
as at r=a. 

If a K electron is considered as exposed to 
impacts of an atmosphere of cathode rays (very 
rarefied, of course), all of one speed, the proba- 
bility that it will be ionized in a time df is evi- 
dently proportional to the density of this 
atmosphere. The present problem is therefore to 
find the factor by which the density of cathode 
rays in the K shell just defined differs from their 
density outside the atom. Considering this prob- 
lem now as if the density were great enough to 
speak of a group of many cathode rays found in 
that shell all at any one instant, the ratio of 
densities is the reciprocal of the ratio of the 
volume of the shell to the volume which this 
group of cathode rays must have occupied before 
they entered the atom. This may be found by 
treating their paths like stream lines of a fluid, 
with a typical tube of flow as shown in Fig. 11. 
This tube may be described in spherical coordi- 



































Fic. 11. Cathode-ray paths approaching a K shell. 
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nates r, 0, ¢, with the polar axis @=0 pointing at 
the cathode; and its cross section on a plane 
perpendicular to this axis, outside the atom, will 
be given in a plane polar coordinate system R, ¢ 
as RdgdR. Considering the electrons in this 
stream that are found at any one instant crossing 
the K shell as defined above, their length along 
the stream there is } sec 7, where 7 is their angle of 
incidence on that shell. Outside the atom, there- 
fore, the group must have had a length 


B = (v9/v,)b sec 7, (18) 


where vp is their speed out there and 2 their 
speed at the K shell. Although 7, is the same for 
all such tubes of flow, 7 is not. B evidently 
increases with R, becoming infinite at R= A, the 
value of R for a path tangent to the K sphere. 
The volume to be calculated is therefore that of a 
sort of concave lens, of radius A and thickness B. 

Calling the densities outside the atom and in 
the K shall mo and m, respectively, and counting 
in m, the outgoing cathode rays as well as the 
incoming ones, it follows that 

A 
3n,-4ra*b = no f 2rRBdR. (19) 
“@ 

If the electrostatic screening in the atom were 
too strongly concentrated near certain radii, this 
analysis might break down because it would be 
impossible to find a path from infinity tangent to 
the K shell. In any real atom, however, this does 
not happen, and it is easy to prove without any 
more specific assumptions about the field, that 


n,/nyo=A/a=v,/%9=[1+T+U)/U]}}. (20) 


A part of this change of density, however, is 
due to the change of speed, which would make 
(,/no) exactly the reciprocal of this value, if it 
acted alone without the deflection. This is one of 
the effects included by Thomas in his calculation 
of &7(U), and here it is combined with the 
deflection effect. To avoid correcting for it 
twice, therefore, we must divide it out before 
multiplying by the ratio of Eq. (20). In other 
words, &7(U) must first be divided by (v0//71) and 
then multiplied by (v:/vo). Altogether, 


U 


V1 2 1+7+ 
bo(U) =#x(0)(—) =#(U)———, (20 
Vo 


this last fraction being the point to be proved. 







































































K-ELECTRON IONIZATION 857 
odie 
Ls 
46 
14 wd 
VA 
P Ana 
> , . ' a oe / 
S b Kae 
40 S 
~~ 
og} | — 
reY-§ , a wm 
am 
0.2. 
2. oo 
ra) / 2 3 4 S $ 7 


Fic. 12. Comparison of simple inverse-power theories with experiment: jr(U), 
inverse-square; j;(U), inverse-cube; jp(U) Davis's inverse infinity-power. 


D. Modifications of classical quantum theory 

Returning to the conclusion of Section IIB, 
that the nonrelativistic classical quantum theory 
was, practically useless for silver K ionization 
even as a temporary approximation, and on the 
other hand remembering that nonrelativistic 
wave mechanics is very similar to classical 
theory in the well tested impacts of alpha-ray 
scattering, one may well question whether the 
change from classical theory to wave mechanics, 
without relativity, is likely to give a much better 
approximation. Then there is the question, how 
much difference relativity is likely to make. In 
classical orbit theory, as is well known, the effect 
of relativity is in the same direction as the effect 
that would be produced by changing the law of 
force from the inverse-square to a slightly higher 
inverse power. Is that, then, the sort of change 
we need here? 

For a preliminary survey on this question, the 


easiest case to try is an inverse-cube law. Since 
Rosseland’s theory differs but little from the 
more complete classical theory in its prediction 
for jo(U), even though they differ considerably 
on the absolute probability @9(U), a rough test 
can be made on Rosseland’s basis. With all 
assumptions exactly like his except on the force 
between the cathode ray and the K electron, the 
inverse-cube law there gives 


js( U) =6/U{ (4/2 cos“! U-')*—-1}. = (22) 


This equation is compared with our data in 
Fig. 12. 

While we cannot take the agreement of j;(U) 
with our data too literally as evidence for any 
such fantastic law of force, it is of interest to 
note that the difference between this function 
and the inverse-square function je(U) is in line 
with the evidence on low-voltage ionizations also. 
Among these we may recall the ionization of 
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helium reviewed in Section IIA. In fact, as noted 
there, while the maximum probability for helium 
occurs at U=4.5, near ours for silver, the inten- 
sities around U=2 are relatively lower. In other 
words, the change from classical theory needed 
for helium is even greater than for silver. 
Furthermore, even with silver, using voltages up 
to 180 kv, it is asking a good deal of relativity 
to change the effective law of force as much as 
this; and in the corresponding range for helium, 
up to 180 volts, such large effects of relativity 
seem quite impossible. For helium, a more 
important point may be the fact that Thomas's 
condition as to distances, that enabled him to 
treat the electrons as free, does not hold with 
Z=2. The more complicated 3-body analysis 
needed for this case may give results quite 
different from @¢(U). In either silver or helium, 
however, the change required by experiment 
must be something more or less equivalent in its 
results to a change in the exponent of the force 
law from —2 to about —3. 


E. Derivatives at U=1 


There is one prediction on which all the 
classical theories agree. This is on the slope of 
the graph of jo(U) at U=1: regardless of changes 
in assumptions, either about laws of force 
between electrons, motions of K electrons, or 
attractions by nuclei, this slope must be finite 
and not zero. This prediction is verified by 
experiment, both for silver and for helium. 

For double ionization, however, the classical 
theory fails even here. The basis for this state- 
ment is the theory of x-ray satellites developed 
from Rosseland’s theory by Wentzel and 
Druyvesteyn.” According to this theory, if U is 
now defined by reference to the minimum energy 


2G. Wentzel, Ann. d. Physik 66, 437 (1921); M. J. 
Druyvesteyn, Dissertation, Universiteit te Groningen, 1928. 
The equations from which these statements are deduced 
are in this dissertation, pp. 18-19. 


HANSEN AND DUVENECK 


for double ionization, rather than single, then 
when U is but little greater than 1, the proba- 
bility of double ionization should not vary as 
(U-—1), but as (U—1)’, giving a graph with a 
zero slope at U=1. Experiment, however, con- 
tradicts this prediction flatly: Bleakney,* work- 
ing with helium, finds a finite slope at U=1 for 
the double ionization probability, much like 
Smith’s for single ionization. 

This fact seems especially significant, because 
of the reason for the (U— 1)? prediction, which is 
that double ionization is regarded in this theory 
as a succession of two ionizing impacts by the 
same cathode ray during its passage through one 
atom. These two impacts are related only by the 
condition that the first impact must not deprive 
the cathode ray of so much energy as to preclude 
ionization at the second impact. Otherwise they 
are separate events, each with its own probability 
of occurrence. The resulting probability of double 
ionization is therefore a product of the two single- 
ionization probabilities. It is this idea, in slightly 
more rigorous mathematical form, that accounts 
for the prediction of the exponent 2 in (U—1)?. 

The verdict of experiment, therefore, seems 
to be that double ionization shall not be regarded 
as a succession of two events, but as a single 
event. It seems reasonable to assume that it 
would be regarded so in the wave mechanics. 
The defect of the classical mechanics here, as in 
many cases of interaction between electrons, 
is then that it is too specific: it contradicts the 
uncertainty principle. In the case of double 
ionization at least, therefore, it seems reasonable 
to expect great changes when the wave mechanics 
is applied to the problem. So perhaps we may 
hope for similar improvement in the theory of 
single ionization also, despite the lack of notable 
changes in the theory of the simpler two-body 
impacts. 





%3W. Bleakney, Atlantic City Meeting, Phys. Rev. 43, 
378A (1933). 
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The observations presented in this paper show that the 
ionization produced in a counting chamber by gamma-rays 
from a given source depends in a complicated way upon: 
(a) the nature (atomic) and thickness of the walls of the 
chamber; (b) the nature, amount, and distribution of mat- 
ter in the neighborhood of the chamber. When the walls 
are sufficiently thick to stop the secondary beta-particles 
(the actual effective ionizing agencies) the secondary in- 
fluences from the outside are greatly reduced, and the un- 
certainties involved among measurements with different 
thicknesses of the same wall material may be no more 
than a few percent. The results emphasize the effects of 
nuclear scattering of the secondary beta-particles. This 
action is effective in any material from which beta-rays 
may pass to the gas of the chamber, and consequently, the 
atomic properties of any such materials must be considered 


in interpreting ionization measurements. The following 
effects of nuclear scattering are discussed in their relation 
to ionization measurements: (1) equilibrium conditions be- 
tween primary and secondary radiation with attention to 
the effects of “‘filtering’’; (2) reflection of the secondaries 
by the wall material; (3) the dependence of the “stopping 
power” for electrons, of the wall on the atomic number of 
the material. In the second part of the paper, the front and 
back wall effects are treated separately. Transition effects 
between different materials on the front wall are shown. 
These transition curves are discussed in connection with 
“stopping power,” equilibrium conditions, and photoelec- 
tric conversion of the gamma-radiation. The bearing of 
these phenomena on measurements of gamma-radiation 
with different counting chambers is discussed. 





INTRODUCTION 


HE following represents the first results of a 
research program initiated by R. A. 
Millikan to obtain a better experimental under- 
standing of the effects of walls upon the ioniza- 
tion produced within ion-collecting chambers by 
rays of large penetrating power. The results were 
obtained prior to June, 1932, and partial reports 
have appeared in earlier papers.' 

The ionization of a gas by gamma-rays is due 
in the main to electrons ejected from matter in 
the occasional close encounters between the 
gamma-quanta and atoms. Secondary electrons 
such as are produced by gamma-rays from 
radioactive processes, may have a path length of 
several meters in standard air or one to five mm 
in the metal wall of the counting chamber. Most 
of the secondary particles which produce ions in 
ordinary counting chambers with thick walls are 
produced by encounters within the wall itself, 
while with very thin-walled chambers the ioniza- 
tion within the chamber is almost wholly due to 
secondary electrons which were produced outside 

* National Research Fellow. 


1 Workman, Phys. Rev. 40. 
(1932). 


1055A (1932); 41, 264A 


the chamber and often at a considerable distance 
from it. Thus, with thin-walled chambers the ion 
count depends upon the nature and distribution 
of surrounding materials as well as upon the 
energy flux of the primary radiation. 

When the walls of the chamber are thick 
enough to exclude all secondary action from 
without, the ionization for a given chamber will 
be determined by the atomic properties of its 
walls. 

A great amount of work has been done by way 
of determining the sensitivity of particular 
electroscopes to a given state of gamma-radi- 
ation. In nearly all instances, however, these 
investigations were preliminaries to other work, 
and, although they served their purpose, they 
are not sufficiently related to one another to 
give a general picture of the action. The investi- 
gations of Eve,? Moseley and Robinson,’ and, 
more recently, Reitz‘ on the total ionization, in 
free air, because the gamma-rays from a unit 
mass of radium are of particular interest in this 
problem. These investigations show that the 

2 Eve, Phil. Mag. 22, 551 (1911); 27 (1914). 


3 Moseley and Robinson, Phil. Mag. 28, 327 (1914). 
* Reitz, Zeits. f. Physik 69, 259 (1931). 
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activity in a volume of air in the vicinity of a 
sample of radium is influenced by a great number 
of conditions which give rise to secondary beta- 
particles which pass through the gas of the 
chamber producing the ions observed. Mayneord® 
has made an extended study of the relative 
sensitivity of small ionization chambers, lined 
with various metal foils and animal tissues, when 
irradiated by beams of x-rays and gamma-rays 
of a different mean wave-length. 

The first part of the present paper is devoted 
to a description of results obtained when the 
ionization on account of various states of gamma- 
ray activity is measured with an electroscope 
having walls of variable thicknesses of iron or 
aluminum. The source of gamma-rays was a 
small plaque of radium from which the natural 
beta-rays were removed by filters. 


APPARATUS AND METHOD 


At the outset of this work, it was planned to 
use electroscope chambers differing widely in 
size and shape as well as of different wall 
materials. In order to facilitate this program, it 
seemed necessary to make some improvements in 
electroscope assembly; accordingly, a compact 
deflecting element was mounted on the end of the 
observing microscope in such a way that the 
various walls could be interchanged without 
making uncertain changes in the electrical ca- 
pacity of the instrument or the charge cali- 
brations on the micrometer eyepiece. The as- 
sembly is shown in Fig. 1. The deflection element 
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Fic. 1, Scale drawing of ionization chamber showing 
assembley of electrical and optical systems. 


consisted of a quartz fiber strung parallel to a 
slender quartz rod as shown. The fiber and 
quartz rod from which the fiber was repelled 
were made conducting by a thin film of gold. 
The quartz insulating support was mounted on 
the end of the microscope, and a small cross fiber 


5 Mayneord, Proc. Roy. Soc. A130, 63 (1931). 
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(0.3 mm long), mounted on the longitudinal fiber, 
served as an indicator. The charging device 
which is schematically shown was placed inside 
the barrel of the microscope. With this arrange- 
ment of the essential parts of the radiation meter, 
the walls were of simple cylindrical form with a 
15/16 inch hole at one end and a cover glass 
window at the other end. They could quickly and 
easily be interchanged and could range in size 
from several inches in diameter to a chamber of 
the diameter of the microscope barrel. With a 
chamber 10.5 cm long and 630 cc volume, the 
electrical capacity of the instrument was 0.93 cm. 

The electroscope assembly was supported by a 
light frame which held the chamber approxi- 
mately 80 cm above and near the edge of a 
laboratory table. The radium was placed in metal 
boxes (filters of uniform wall thickness) at 
various distances from the chamber, on a line 
perpendicular to the axis of the chamber. These 
boxes were held 170 cm from the floor by a light 
wooden stand. 

A mean ion-collecting potential of 300 volts 
was used. The ion current measurements were 
made by observing the time required for a given 
change of potential on the indicating element. 
The usual precautions to avoid errors due to 
polarization of the quartz insulator were ob- 
served. The ‘natural leak’’ with each wall in 
place was observed, and appropriate corrections 
were made for the results obtained with gamma- 
rays. 


FILTERS 


Since the gamma-ray spectrum of radium in 
equilibrium with its products consists of a great 
number of lines of different wave-length, screens 
of different thicknesses would be expected to 
change the relative hardness of the transmitted 
rays; while screens of different materials might 
give rise to different qualities in the resultant 
beam. Accordingly, different thicknesses of either 
iron, lead, or aluminum were used as filters. The 
air between the source and chamber will con- 
tribute to the supply of secondary electrons when 
thin walls are used. In order to study this feature, 
readings were taken with the radium at three 
different distances (25, 50, and 100 cm) from the 
axis of the chamber. 
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RESULTS 


Table I gives results for a cylindrical ionization 
chamber, 10.5 cm long with a volume of 630 cc, 
and aluminum walls of different thickness. Table 


TABLE I. Aluminum walls. 








Ion pairs/cc/sec. XD? X10~4 given under the description 
of filter used 





Wall D Lead Aluminum Iron None 





(mm) (cm) 3.18 6.35 12.7 12.7 25.4 6.35 12.7 25.4 Omm 
Paper 25 841 561 332 937 781 830 652 403 
“ 50 869 631 359 1001 867 882 715 445 
“400 928 700 449 1113 938 975 793 522 


820 854 678 409 
885 919 729 461 
971 1013 826 526 


858 896 711 441 
911 948 763 482 
993 1037 843 598 


954 1002 822 528 
1108 974 1014 832 547 
1157 1029 1069 890 582 


1140 §=6991 
1143 1005 
1188 1047 





0.025 25 858 588 344 
50 873 637 390 
100 935 706 454 


05 25 911 625 377 
50 920 666 416 
100 972 725 471 


20 25 $26 704 461 
50 933 710 471 
100 938 743 S01 


2 1ll Ill 


30 =25 946 729 498 
50 932 727 502 
100 948 745 524 


1045 858 564 
1043 872 S74 
1085 910 601 


1060 884 592 
1051 885 595 —— 
1096 911 614 


1077 916 622 
1079 913 634 —— 
1088 941 633 


51 25 942 746 520 
50 935 748 522 
100 943 756 534 


1142 
1144 
1164 


1180 
1160 
1180 


1179 
1189 
1192 


1160 
1158 
1168 


1024 
1020 
1052 


1045 
1045 
1063 
1066 
1072 
1078 


1048 
1052 
1070 


87 25 961 766 556 
50 945 764 551 
100 952 776 554 


1.17 25 961 784 571 
50 959 782 565 
100 958 779 557 


1104 947 640 
1100 955 646 
1106 956 647 


1076 928 638 
1080 933 636 
1097 941 643 


1.58 25 959 770 560 
50 931 757 557 
100 933 763 556 


3.18 25 913 753 556 
50 886 774 547 
100 908 752 546 


6.34 25 896 744 547 
50 891 732 535 
100 896 742 540 


1132 
1134 
1157 


1128 
1116 
1123 


1027 
1027 
1056 


1024 
1011 
1024 


1095 993 


1054 915 626 
1058 910 626 
1071 924 634 


1041 900 617 
1036 897 616 
1044 909 625 


12.70 25 874 720 533 
50 868 717 524 
100 867 716 525 


18.93 25 834 680 512 
50 838 697 502 
100 841 688 Sil 


1018 876 602 
1084 985 1017 871 599 
1091 4 1025 890 600 


1060 942 971 851 577 
1038 945 978 844 580 
1043 954 981 847 S81 








II gives data for iron walled chambers of the 
same size. In these tables, the number of ion 
pairs per cubic centimeter per second has been 
multiplied by the square of the distance (D) from 
the source. These products are given in the tables 
according to distance, the wall thickness, and the 
filter. The results given under ‘‘zero”’ wall 
thickness were obtained by using a wall of tissue 
paper, made conducting by a coat of India ink. 
The thickness of this wall was 0.03 mm, and no 
supporting materials were used. The results thus 
obtained represent ionization measurements 
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TABLE II, Jron walls. 








Ion pairs/cc/sec. XD? X10~4, given under the description 
of filter used 





Wall D Lead Aluminum 


3.18 6.35 12.7 12.7 25.4 6.35 
Same as in Table I. 


1322 1175 1114 910 
1357 1205 1155 956 
1472 1327 1268 


1435 1275 1261 
1451 1324 1273 
1532 1395 1355 


1460 1285 
1465 1299 
1535 1356 


Iron None 





(mm) (cm) 12.7 25.40 mm 





Paper 


0.05 25 988 726 471 
50 995 750 484 
100 1038 798 534 


-13° 25 1053 820 562 
50 1054 832 572 
100 1095 864 599 


-254 25 1085 876 622 
50 1074 865 614 
100 1098 884 626 


-381 25 1068 866 628 
50 1092 885 622 
100 1072 881 625 


635 25 1048 852 626 
50 1030 848 622 
100 1072 863 624 


1.170 25 1022 859 616 
50 1023 844 616 
100 1051 863 617 


1.575 25 972 808 576 
50 976 806 582 
100 992 811 582 


3.165 25 946 782 572 
50 950 784 577 
100 965 790 572 


6.35 25 902 736 541 
50 989 732 535 
100 «885 730 535 


1335 
1345 
1398 


12.7 25 735 610 448 913 818 866 743 505 972 
50 722 601 442 887 805 848 723 500 977 
100 712 599 432 875 799 835 721 492 969 








which are, to a close approximation, independent 
of any wall effects. These data, as well as all 
others given in this paper, refer to air at normal 
pressure and 20°C. 

The tabulated results reveal the following 
features: 

(1) As the wall thickness increases the ioniza- 
tion first increases, reaches a maximum, and then 
decreases. 

(2) The percentage of increase is greater for 
iron walls than for aluminum walls. 

(3) As the distance of the source increased the 
maximum becomes relatively less pronounced. 

(4) When the chamber walls are thin the 
increased air distance increases the ionization— 
the inverse square law being taken into account. 
This effect vanishes when the walls are suffi- 
ciently thick to stop the secondary beta-radiation 
from the intervening air. 

(5) The increase in air distance is similar in 
effect to increase in wall thickness. 

(6) Filters of heavier materials transmit to the 
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chambers less secondary beta-radiation relative 
to the number of gamma-quanta passed. Evi- 
dence for this action exists in the relative 
ionization for paper and thin walls when com- 
pared to that for walls thick enough to stop the 
secondaries originating in the respective filters. 

The effect of different filter material on the 
equilibrium conditions (indicated under 6 above) 
is discussed at length later in this paper. Here, 
however, it is well to anticipate that discussion in 
order to explain why iron walled chambers show a 
greater wall effect than do aluminum chambers. 
The increased nuclear scattering of the secondary 
electrons in the materials of greater nuclear 
charge causes these materials to have a greater 
stopping power for the beta-particles for a given 
surface density. This nuclear scattering gives rise 
to reflection of the fast electrons on the inside 
surface of the chamber wall and also enhances the 
chance of a secondary generated in the side wall 
(with respect to the source) to enter the chamber. 
As a result, iron walled chambers may show a 
greater beta-ray activity even though the actual 
number of secondaries which enter from the wall 
in direct line with the source may be less than 
in the case of materials of lower atomic number. 
This complicated action must be considered when 
dealing with the relative sensitivity of chambers 
differing in (1) shape and size, (2) manner of 
incidence of the radiation on their walls, or (3) 
nature and density of gas in the chamber. 

Although the above results are direct and show 
quite definitely what may be expected when 
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apparatus of this type is used, they do not yield 
sufficient information on the individual effects 
involved. The principal complications arise from: 
(a) variable wall thickness as seen by the 
primary gamma-rays; (b) contribution of the 
side wall to secondary and reflected particles; (c) 
scattering from the walls of the room; (d) wide 
angle scattering of gamma and secondary beta- 
rays from the filter. In view of these compli- 
cations, it appeared advisable to forego investi- 
gations with different sized chambers and to use 
new apparatus designed to eliminate some of the 
uncontrolled features inherent in the first method. 
Furthermore, it seemed necessary to deal sepa- 
rately with the front and back wall effects and to 
study composite walls: transition effects. 


SECOND APPARATUS 

A sectional drawing of the apparatus is shown 
in Fig. 2. The gamma-rays are canalized by the 
large lead block (A) and directed along the axis of 
the cylindrical ionization chamber (F). The front 
wall (@) and back wall (//) were of aluminum foil 
0.0005 cm in thickness. These thin windows were 
permanently fixed and served to define the 
volume of the ion chamber. Any additional wall 
to be studied was placed in contact with the 
windows and supported by the ledges shown in 
the figure. Filters could be inserted in any of the 
positions shown—B, C, and D. The lead bushing 
(E) was removed when changing filter (D) or 
(C), and the steel bar (O) could be removed for 
the purpose of changing filter (8). The lead plug 
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Fic. 2. Scale drawing of second apparatus. 
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in which the radium plaque was securely mounted 
could be withdrawn when measuring the leak and 
residual ionization of the electroscope. 

The ionization chamber is formed by a Bakelite 
tube of approximately 1.5 mm wall thickness and 
is lined with foil like that used for the windows. 
In the early part of this work a single fiber 
deflecting element was used, but later, when 
greater sensitivity and faster action became 
desirable, another type, described elsewhere,® was 
used. The electrical capacity of this instrument 
was not measured but was of the order of 0.5 cm. 
The ionization in arbitrary units was deduced in 
the same manner as in the first experiments 
except that greater precautions were observed to 
avoid errors due to polarization and leakage on 
the thin quartz insulator. Since it was impossible 
to seal this electroscope, the surface of the quartz 
was covered with a thin film of ceresine. This 
treatment provided a non-hygroscopic insulator 
which remained sensibly constant over a great 
range of humidity. 


DISCUSSION AND RESULTS 


Attention will be directed first to results 
obtained when plates of various thicknesses of 
lead, tin, iron, aluminum, or graphite were 
placed on the back wall (77) of the chamber. A 
12.7 mm lead filter was used at position D in the 
gamma-ray gun. 

Curves are given in Fig. 3 showing the back 
wall effect. The thicknesses of the material, in 
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from the back wall. 


electrons per square centimeter, are plotted as 
abscissae, and the ratios of the ionization when 
the material is used to that when only the thin 


® Workman and DeVore, Phys. Rev. 41, 262A (1932). 
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windows are used are given as ordinates. The 
denominator of this ratio will be a constant for any 
given filter arrangement. The ratio is plotted 
merely to facilitate comparison and to reduce all 
readings to the same scale. We see that the 
addition of material on the back causes the 
ionization to increase rapidly until it reaches a 
value beyond which no further increase takes 
place. This is what we would expect because the 
secondary beta-particles which strike this wall 
cannot emerge again after they have penetrated 
beyond a certain depth in a given material. 

If we consider percentage of increase in 
ionization to represent the relative amount of 
reflection of the rays and plot this quantity 
against the atomic number of the material, we 
obtain a curve which agrees, almost perfectly, 
with that obtained by Schonland’ and others, for 
the reflection of beta-particles. It will be noted, 
when plotting these points, that the point for 
lead falls too high to agree with pure reflection 
data. This is seen to be due to the existence of 
photoelectrons ejected backwards from the lead 
by the gamma-rays. When the filter thickness 
is increased to give relatively harder gamma-rays, 
this affect disappears, as shown in Fig. 7. It 
should be pointed out that the agreement of the 
data for the back wall effect with reflection data 
may be over emphasized because the conditions 
of experiment are by no means analogous. We 
have compared these results with results obtained 
by measuring reflection from a beam of electrons 
normally incident with the surface. Although our 
case is not one of random incidence, there is good 
reason to assume that the relative reflection 
should be considerably greater than in the 
normal case. It is to be emphasized, however, 
that the ionization which we were actually 
measuring depended upon the total length of 
beta-particle tracks within the chamber, and it is 
likely that some compensation arose, from the 
fact that a few of the reflected particles crossed 
only a part of the chamber before they were 
absorbed in the walls. 

A somewhat more detailed study of the back 
wall effect was made by taking amply sufficient 
thicknesses of the materials on the back wall and 

7 Schonland, Proc. Roy. Soc. A104, 235 (1923); 108, 187 
(1925). 
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Fic. 4. Ionization ratios for front wall (broken lines) and back wall (full lines) plotted 
against atomic number of the material. Each material of thickness—0.2 X 10** electrons/ 
cm?, Lead filter thickness in mm as follows: I—32.0; I1—25.2; III—19.3; IV—13.2; 
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V—7.24; VI—3.56; VII—0.89; aluminum: VIII—3.10. 


measuring the ionization ratios with different 
thicknesses of lead filter in the ‘‘gun.”’ The 
thickness of wall materials for this test was 
0.210" electrons per cm?. The results are 
shown in the solid lines of Fig. 4. These curves 
show in a striking manner the photoelectric 
response of lead to this radiation. In passing 
from curve I to VII a marked increase in the 
effect of lead is observed. The increase follows the 
decrease in filter thickness: i.e., the increase in 
effective wave-length of the radiation. It is of 
interest to note here, that, aside from variations 
brought about by the photoelectric effect, the 
back wall effect is practically independent of the 
wave-length of the radiation; i.e., the probability 
of reflection of the beta-particles is, as expected, 
independent of their energy over this range. 
Moreover, the relative back wall effect, exclusive 
of photoelectric action, was shown by other tests 
to be quite independent of the equilibrium 
between the primary and secondary radiations 
incident on the electroscope. This is in accord 
with the view that we were dealing only with the 
secondaries and the action of the back wall upon 
them. By the same tests, that part which has 
been attributed to the photoelectric effect, is 
caused to stand out as a result of the gamma- 
radiation incident on the back wall. 


The dotted curves of Fig. 4 show the front 
wall effect. They were determined in the same 
manner as the above discussed back wall curves. 
At this point reference will be made only to the 
behavior of lead relative to the other elements. 
An increase is observed at the lead end of the 
curve which corresponds to a similar increase on 
the solid lines. There can be little doubt that this 
contribution to the ionization is from beta- 
particles resulting from the photoelectric ab- 
sorption of the gamma-rays in the lead wall. 
There may be a slight indication of the same 
effect in tin, but the probability of such ab- 
sorption depends upon a too high power of the 
atomic number to give any appreciable effect 
when observed in this way. 

In passing the discussion of the back wall 
effect, it may be well to point out that some of 
the electrons which were scattered back into the 
chamber from the back wall actually originated 
in the wall. If, for example, a Compton or photo- 
electric encounter were to give rise to a beta- 
particle among the surface (inside) atoms of the 
back wall, it will have the same chance of being 
scattered back as any other particle going in the 
same direction. Some thickness of material is 
required, however, for an appreciable number of 
such encounters, and the probability of the 
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resultant particle entering the chamber will 
vanish rapidly with the depth of its origin. It 
appears that the magnitude of the effect should 
have the same dependence upon the atomic 
number of the material as the /rue reflection. 


THE FRONT WALL EFFECT 


The effect on the ionization in the electroscope 
of adding material to the front wall is shown in 
Fig. 5. Here, as before, the ionization ratios are 
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Fic. 5. Ionization ratios, vs. wall thickness showing effect 
of material on the front wall. 


plotted against the thickness of the material in 
electrons per square centimeter. These points 
represent the actual ionization currents observed, 
as no absorption corrections were made in their 
deduction. 

Any material placed on the front of the 
chamber will, of course, decrease the quantity of 
gamma-radiation which passes through it, but it 
is certain that for all points given on Fig. 5 the 
ratio of secondary beta-ray activity to trans- 
mitted gamma-radiation is greater than when no 
material is on the front wall. Indeed, for limited 
thicknesses of carbon and aluminum the actual 
beta-ray activity is greater than when no front 
wall exists. In general, it can be said that the 
relative positions of the curves are determined by 
the atomic properties of the materials, while the 
position of the group as a unit depends upon the 
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state of equilibrium existing between the gamma- 
radiation and its secondaries at the electroscope. 
When, for example, the lead filter (12.7 cm in 
this case) is placed in position B (Fig. 5) where 
it is irradiated more strongly by the gamma- 
rays, the effect is to decrease all of the ratios 
given in Fig. 8 by about 12 percent. Here the 
geometry of the beam is such as to allow a 
relatively greater number of secondary beta- 
particles from the filter to fall upon the elec- 
troscope. This will have the effect of increasing 
the zero wall ionization and decreasing the 
ratios. Such action has been demonstrated by 
experiment, and there is good reason to believe 
that, if only gamma-rays were present in the 
beam, all of the materials would yield a ratio 
greater than unity for, at least, limited thick- 
nesses. This ideal condition could not be realized 
without removing the air from in front of the 
electroscope and deflecting the particles which 
originate in the filter and canals from the beam. 
With even these precautions we would still have 
a few secondary gamma-quanta with reduced 
frequency due to Compton encounters in the 
filter and canals. With all of the apparent 
complications there is, nevertheless, a rather 
simple explanation of the general features of the 
curves in Fig. 5. 

If the scattering and absorbing mechanisms 
for primary and secondary radiations were the 
same for all the materials and depended only on 
the number of extranuclear electrons per cm? in 
the path of the beam, we should expect all of the 
points on Fig. 8 to fall on one curve. This simple 
interpretation is obviously untrue for it must be 
said that, when equivalent thicknesses of the 
various elements are used, the secondary beta- 
ray activity in the chamber decreases as the 
atomic number of the material increases—except 
in the case of lead of thickness below 3.6 mm. If 
Compton encounters only are considered, it 
is apparent that there will be as many beta- 
particles generated in one material as in the 
other when the same thickness in electrons is 
taken. The velocity spectrum of these electrons 
will be sensibly the same for each material, and 
if, once started, they encountered no nuclear 
scattering, about the same number would emerge 
from each material. Such scattering does take 
place, and because of it the actual path length of 
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an electron in penetrating to a depth of N 
electrons per unit of area will be ‘‘longer’’ as the 
atomic number of the material is greater. The 
heavier elements thus show, progressively, a 
greater stopping power in proportion to the 
number of Compton electrons generated. This, 
of course, is in accord with observations on the 
back wall effect, for there we were observing 
particles which were turned completely in their 
courses. 
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Fic. 6. Curves showing the relative ‘‘stopping power”’ of 
carbon and lead. 


The effect of variable scattering of the second- 
ary particle on the equilibrium conditions existing 
between the primary and secondary radiations 
appeared of such general importance that further 
proof of the correctness of the above interpre- 
tation was sought in the following test. The 
gamma-ray gun (Fig. 2) was moved back to a 
distance of about a meter from the ionization 
chamber and was pointed up at such an angle 
that no primary gamma-rays entered the 
chamber. Tests were made showing that all of the 
resultant activity in the chamber was due to 
secondary beta-rays which entered through the 
thin window. With these conditions, the relative 
stopping power of the wall materials for the 
electrons could be determined by placing suffi- 
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cient material on the front wall to reduce the 
activity of the chamber to that given by the 
natural leakage. This was done in gradual steps 
for carbon and lead. The results are shown 
graphically in Fig. 6. It is shown that, in order to 
stop a given fraction of the beta-particles more 
than three times as much surface density of 
carbon as of lead is required. The apparent 
constancy of this ratio for the different ionization 
rates indicated as ordinates, is of interest because 
approximately the same net result is obtained for 
slow .as for fast electrons. Further study along 
this general plan would doubtless lead to many 
interesting features of the response of counting 
chamber to ordinary gamma radiation and the 
ultra-penetrating or cosmic radiation. 


COMPOSITE WALLS AND TRANSITION EFFECTS 


A thickness of one to five mm is sufficient to 
stop all of the secondary electrons in these 
materials. If, then, the character of the trans- 
mitted gamma-rays is determined only by the 
thickness in electrons, of the front wall, we should 
expect the response of the electroscope to be 
determined only by the inside layers of the wall: 
i.e., when a thickness of material sufficient to 
stop the secondaries is on the front wall, the 
ionization should be the same when an equivalent 
thickness of any material is added.—Perhaps the 
tertiary x and gamma-radiation should be con- 
sidered in this connection. These radiations 
resulting from impacts of the beta-rays and the 
filling of levels disturbed or left vacant by them 
would be relatively efficient in the production of 
ions as a consequence of their low energies. The 
actual quantity of such radiation is small, 
however, and its effect will be determined 
completely by an appropriate thickness of inside 
wall material. 

Fig. 7 shows the curves given before in Fig. 5 
with the addition of ionization ratios obtained for 
composite walls. In most cases the thickness of 
one of the materials is varied to show the 
transition from one material to another. The 
broken lines show the various transition effects. 
The indicated ionization ratios which define 
these lines were obtained by placing different 
thicknesses of the indicated material in contact 
with the chamber and immediately back of other 
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Fic. 7. A tracing of the curves given in Fig. 8, with the addition of curves showing 
transitions from one wall material to another. 


material of thickness given by the point where 
the curves start. They are listed as follows: 


c-a’..graphite to alumi- 
num 

c-f’. .graphite to iron 

c-s’. .graphite to tin 

a—p’. .aluminum to lead 


p-s’..lead to tin (two 
curves) 
p-a’. .lead to aluminum 
ap-a’..a double transition- 
aluminum to lead 
to aluminum 


Except where different thicknesses of lead are 
used, the transitions shown in Fig. 7 are all 
complete and certainly indicate that the mecha- 
nism of absorption and scattering of the gamma- 
rays are the same in all these elements except 
lead. It seems also that it would be difficult to 
find a better unit for measuring the thickness of 
the absorbers than the number of extra-nuclear 
electrons per unit of area. At least some property 
proportional to this number should be used. 

Where transitions involving lead are con- 


sidered, we see that certain peculiarities exist. In 
fact, the curve representing the front wall effect, 
alone, for lead is peculiar in the manner in 
which it crosses the curve for tin, and does not 
take its expected position on the graph until a 
considerable thickness of lead has been added. 
This excess in the ionization for thin lead walls 
must result from the photoelectric conversion of 
some of the softer gamma-rays and the conse- 
quent passage of the fast moving electrons 
through the gas of the chamber. This conversion 
of the gamma-rays, which becomes relatively 
efficient for softer radiation compared to the 
usual Compton scattering, will become less 
important as the thickness of the lead wall is 
increased: i.e., as the effective filter becomes 
thicker and gamma-radiation transmitted to the 
layers from which photoelectrons may escape to 
the chamber becomes harder. 
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With this action in mind, it is clear why a 
metal such as tin, if placed between the lead and 
the window, decreases the ionization by way of 
stopping the photoelectrons from the lead 
“faster’’ than effective Compton electrons are 
produced in the tin. The two transitions marked 
p-s’ show this effect. The lead to aluminum 
combination given by transition p—a’ shows an 
increase from lead because of the greater number 
of effective Compton electrons produced in the 
aluminum. It should be noted that this transition 
(p-a’) is by no means complete. This was 
expected because we have approximately 1.6 
X10" electrons per cm?® of lead between the 
aluminum and the source which has abstracted 
gamma-radiation from the beam by photo- 
electric absorption. Such absorption did not 
occur, of course, in the front wall effect for 
aluminum to which curve the transition would 
have otherwise gone. Similar action is observed in 
all transitions from lead. The first transition p—s’ 
nearly approaches the tin curve, because here the 
amount of lead, to the point p, is small and little 
photo-absorption has taken place. The second 
transition of this type would, by similar reason- 
ing, be expected to have a greater interval 
between it and the lead curve. The curve showing 
the change from aluminum to lead (a—p’) is of 
special interest because we see a gradual ap- 
proach to the lead curve as the amount of lead 
for the curve a—p’ becomes comparable to the 
amount for the curve showing the front wall 
effect for lead. Of even more significance, perhaps, 
is the fact that the abundance of material in 
front of the electroscope has served to “harden”’ 
the radiation to the extent that the effect of 
photoelectric conversion is no longer felt at the 
chamber: i.e., the gamma-rays of frequency 
suitable for photoelectric conversion have been 
almost completely absorbed regardless of any 
special mechanism. 

The points indicated by (C), (Fe), and (Sn) on 
the a—p’ curve indicate respectively the trans- 
itions: 

1.70 X 10" electrons/cm? of graphite to 1.63 x 10 
electrons/cm? of lead 

1.57104 electrons/cm? of iron to 1.791074 
electrons/cm? of lead 

1.49 10** electrons/cm? of tin to 1.79 x10*4 
electrons/cm? of lead 
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The positions of these points, on or near the 
a—p’ transition curve, are very significant because 
they indicate that complete transition curves of 
the type indicated doubtless would pass along 
the a—p’ curve in this region. Such curves would, 
therefore, bear the same relation to the front wall 
curve for lead as the a—p’ curve. 

Although it appears that the photoeffect in 
lead is adequate to produce the above results, it 
should be pointed out that from the results given 
it cannot be said that other mechanisms do not 
exist in lead for absorbing or modifying the 
primary radiation. Any action of this kind would 
show its effects along with the rather complicated 
response to photoelectric absorption. By the 
same reasoning, one hesitates to say that the 
results for the other materials, as a group, could 
not arise, at least in part, from other processes 
than the Compton scattering of gamma-quanta 
and nuclear scattering of beta-particles. 


THE EFFECT OF WAVE-LENGTH 


When using a complex radiation of the type 
given by radium in equilibrium with its products, 
it is difficult to specify the spectral energy 
distribution given by the most simple arrange- 
ment of filters. It is possible, nevertheless, to 
characterize the radiation as having a relatively 
longer mean wave-length when the amount of 
filtering is small. Another consequence of the 
complexity of the primary radiation is the fact 
that a true state of equilibrium, with the 
secondaries, will never exist regardless of the 
amount of material through which the radiation 
may pass. Although these factors will limit our 
interpretation of the results, it is of interest to 
examine further the effects of filter thickness 
when the chamber has plates of different ma- 
terials on the front or on the back. 

Fig. 8 shows the actual ionization obtained for 
the materials, viz., paraffin, graphite, aluminum, 
iron, tin and lead, as a function of filter thickness. 
These results represent ionization currents for 
thickness of 0.2 10** electrons per cm? of the 
materials as used in the two positions. The curves 
indicated by ‘‘zero’”’ are identical and refer to 
values obtained by using no wall except the thin 
aluminum windows. The position and shape of 
the curves for zero wall are subject to secondary 
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radiations from the ‘‘gun”’ and the air between it 
and the chamber, as well as those originating in 
the chamber. The ratio of secondary to primary 
gamma-activity will change with changes in 
wave-length; as a result, we do not expect the 
“zero’’ curves to be consistent with the strength 
of the gamma-rays. The curves for the back wall 
are, of course, influenced by the same secondary 
particles, but their relation to the zero readings 
and to each other are significant because they 
represent responses to the same states of 
radiation. 

The front wall curves given in Fig. 8 call for a 
different treatment because they are not influ- 
enced by secondary beta-particles originating 
outside the walls of the chamber. The indicated 
ionization currents represent the action of the 
gamma-rays on the respective walls and, there- 
fore, have little direct meaning relative to the 
values far zero wall. In these curves, we observe 
the same arrangement according to atomic 
number as in Fig. 5, except that in the present 
case the photoeffect in lead is sufficient to cause 


the lead curve to turn upward and cross the one 
for iron as well as that for tin. 

When pictured in this way, there is evidence 
for the photoeffect in tin at the extreme left of 
the upper group. 

Even though the front wall materials are 
sufficiently thick to stop the beta-particles as well 
as the softer secondary x-rays or gamma-rays, 
the curves given in Fig. 7 differ enough in 
character to give a variety of conflicting ab- 
sorption coefficients for lead if, such methods 
were to be used for their deduction. Here it 
appears that it would be interesting to obtain 
similar curves when filters of different materials 
are used. With this additional information, some 
separation could be made between scattering and 
true absorption effects. For work of this kind, 
however, smaller canals should be used and 
consequently a much larger radium source would 
be necessary. 

While this work was in progress Schindler’s*® 
excellent paper on transition effects in cosmic 

§ Schindler, Zeits. f. Physik 72, 635 (1931). 
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rays appeared. The similarities in the results are 
very striking, considering the great difference in 
the energy of the primary radiations. The 
enormous difference in energy is appreciated 
when one considers that the thickness of lead 
required to stop the “‘fastest’’ secondary electrons 
from gamma-rays of radium (approx. 2.5 10® 
volts) is about 0.3 mm, whereas from Schindler’s 
results one obtains a stopping thickness of about 
100 mm. It is of further interest to note that the 
transition curves for cosmic rays are all complete, 
indicating no type of absorption of the primary 
radiation peculiar to one or a part of the ma- 
terials which were used. 


GENERAL CONSIDERATIONS 


In concluding this paper, it appears desirable 
to point briefly to some important observations 
which, though substantiated by an interpretation 
of the data, may escape notice: 

(1) Secondary effects have been discussed only 
in relation to ionization chambers. Indeed the 
complications may appear sO numerous as to 
cause this useful device to yield grace to other 
methods of observation. Wilson cloud chambers 
and various adaptations of the Geiger counters 
furnish additional information, but it should be 
observed that many of the same rules hold in 
reasoning from the secondary or tertiary obser- 
vation to the primary cause. 

(2) The sensitivity of nearly all ionization 
chambers, thus far developed, will vary with the 
quantum energy of the primary radiation. That is 
to say, any factor used to deduce energy flux 
from ionization rates will vary with the hardness 
of the primary gamma-radiation. This variation 
is brought about, at least in part, by variation in 
extent of nuclear scattering of the secondary 
electrons by the wall material, and by variations 
in their specific ionization in the gas as well as 
any selective action exemplified by photoelectric 
conversion. Standard air chambers such as used 
in much hard x-ray standardization must neces- 
sarily have similar limitations. Here the relative 
amount of secondary radiation in equilibrium 
with the primary radiation will vary with the 
hardness of the primary radiation and conditions 
of intervening air and filtering materials. In hard 
radiation therapy where perhaps the prime 
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interest should be in the amount of secondary 
beta-ray activity produced in the tissues, the 
walls of the chamber should be such as to be 
atomically equivalent to the tissues in question. 

(3) Of perhaps more importance than any of 
the above considerations, is the question of when 
and under what conditions an ionization chamber 
or any similarly used device is designed to exclude 
all secondary activity originating outside its 
walls. Great improvements in the technique of 
ion counting bring emphasis to this question 
because many of the causes for disagreement 
doubtless are to be found here. One especially 
interested in some of the smaller deviations, 
amounting to several percent, may find interest 
in the following approach to the study of data 
given in Tables I and II. Consider the radiation 
for any two filter arrangements and observe the 
ionization resulting from these two states as 
measured with various wall thicknesses of both 
iron or aluminum. If ratios between correspond- 
ing ionization values (same wall thickness) be 
taken for two columns, deviation of several 
percent may be found between say a 1/8 inch 
steel wall and a 1/2 inch steel wall. This is not 
due to transmission of beta-rays through walls 
and must otherwise be explained.® 

In measuring gamma-like radiation where 
different wave-lengths or different absorbing 
materials are involved, the interpretation is 
greatly simplified by excluding secondary beta- 
radiation from the outside. The important thing to 
observe in this connection is the fact that the 
“stopping thickness’’ of material for the secondary 
beta-radiation depends very much upon the atomic 
number of the material and not simply upon the 
surface density of matter. No simple relation 
exists to determine anything like equivalent 
stopping thicknesses for let us say, copper and 
lead or air and mercury. This contention will 
doubtless be substantiated by more exacting 
studies of transition phenomena. 

The author takes pleasure in acknowledging 
the valuable help of Mr. H. B. DeVore who 
assisted in many departments of this work. 

® The author is aware of possible effects resulting from a 
“selective” or variable nuclear conversion of the gamma- 
rays in the wall or filter materials and has work in progress 
designed to give information on these effects through transi- 
tion phenomena. 
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Ionization of Gases by Neutrons 
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The ionization currents produced in hydrogen, helium, 
nitrogen, methane, ethylene and argon by the neutrons 
from beryllium have been measured for gas pressures 
from 5 to 80 atmospheres. The relative diameters of the 
atomic nuclei have been calculated from the relative 
ionizations. Assuming that the radius of the neutron is 
small compared to the radii of the atomic nuclei, the 


relative radii of the nuclei are found to be rg = 1.0, rye = 1.4, 
tn =1.9, ro =2.8, and r4 =4.1. The target areas of the nuclei 
ay =1.0, aye=2.0, an=3.5, ac =8.0, and a,=17, vary 
roughly as their atomic numbers. The pressure-ionization 
curves for neutrons are found to differ from the y-ray 
curves in the same gases. 





HE object of the experiments described in 

this paper was to find the relative amounts 

of ionization produced in different gases by 

neutrons. When neutrons collide with nuclei of 

gaseous atoms contained in an ionization cham- 

ber, energy is transferred from the neutrons to the 

nuclei. A recoil atom formed in this manner then 
produces a large number of ions in the gas. 

Experiments on the relative ionization pro- 
duced by neutrons in argon, nitrogen and helium 
containing 20 percent air have been described by 
Curie and Joliot! with an ionization chamber 
containing these gases at atmospheric pressure. 
In the present experiments the relative ionization 
currents due to neutrons have been determined 
for argon, helium, nitrogen, hydrogen, methane 
and ethylene over a range of pressure of from 5 
to 80 atmospheres. 

The diagram of apparatus (Fig. 1) shows the 
ionization chamber B, the inside dimensions of 
which were 5X5 X10 cm. The iron walls of the 
ionization chamber were one cm thick. The 
electrode was insulated by amber with a guard 
ring which was so arranged that the insulators 
were not in the electrical field across the ioni- 
zation chamber. The chamber was made pressure 
tight with sealing wax between the metal and 
amber surfaces. A Lindemann electrometer C 
operated at a sensitivity of 50 divisions per volt 
was used to measure the currents. In order to 
eliminate insulation leakage a null method 


11. Curie and F. Joliot, J. de Physique et le Radium 4, 
1, 21 (1933). 


employing a potentiometer and a compensating 
condenser (D in Fig. 1) was used. Thus the 
electrometer needle was always kept at zero 
potential by changing the potential on the 
condenser. A potential of 400 volts supplied by 
“B” batteries was applied across the ionization 
chamber. 

A two-inch lead shield surrounded the ioni- 
zation chamber, except on the top side, to cut 
down the ionization due to local radioactivity. 
This shield also increased the number of neutrons 
entering the chamber, since a _ considerable 
number of the neutrons are scattered into the 
chamber from the lead. 

The polonium, used as a source of alpha- 
particles, was deposited on a silver disk 9 mm in 
diameter. The silver disk is shown in Fig. 1 
directly above the ionization chamber. The 
polonium had an activity of roughly 15 milli- 
curies. A thin slab of beryllium was mounted on a 
slide (A in Fig. 1) so that it could be put either 
just under the source of polonium or out of the 
range of the alpha-particles. 4 mm of lead was 
interposed between the source of neutrons and 
the ionization chamber. 

The pressure in the chamber was measured by 
a Heise pressure gauge E which could be read 
accurately to 2 lb. per sq. in. 

The ionization chamber was thoroughly flushed 
out by successively filling to 70 atmospheres and 
emptying it three times. The gases were slowly 
passed through a P.O; drying tube and a length 
of tubing containing glass wool before they were 
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Fic. 1. Diagram of ionization chamber. 


admitted to the ionization chamber. Measure- 
ments were made first at 80 atmospheres and 
then at the lower pressures. 

In determining the ionization due to the 
neutrons, the ionization produced when the 
beryllium was out of the range of the alpha- 
particles was measured first, and then the 
ionization when the beryllium was directly under 
the polonium. The ionization in the first case was 
that due to y-rays from the polonium source, 
cosmic rays, and radioactivity of the chamber. 
To determine the ionization due to the neutrons 
the first current was subtracted from the second. 
In these experiments the ionization due to the 
neutrons was several times that due to the other 
radiations. 

The variation of the current with the potential 
applied to the ionization chamber was determined 
with different gases at 80 atmospheres. It was 
found that when the potential was changed from 
200 to 400 volts there was an increase in the 
ionization current of only a few percent. In the 
subsequent measurements alternate readings 
were made with the chamber at a potential of 
+400 volts with respect to the electrode and 
then —400 volts and the mean of the two 
currents was used. 

The capacity of the system was determined by 
comparing it with that of the compensating 
condenser and was found to be 9.6 e.s.u. The 
number of ion pairs per cc per second was 


(9.6 X 12)/(50 300 X 4.77 X 10-" x 250 X2) 


where 250 cc was the volume of the chamber; 12, 


the number of divisions deflection of the elec- 
trometer; 50, the sensitivity of the electrometer 
in divisions per volt; and /, the time in seconds 
required for this deflection. 

Under the given experimental conditions the 
ionization by the less penetrating y-rays,” emitted 
along with the neutrons was found to contribute 
only a small percentage of the total ionization. 
This was shown by getting the ionization in 
CH, He, and Ne with an additional lead absorber 
of 2.2 cm thickness. The 2.2 cm of lead cut down 
the amount of ionization by 23+5 percent in 
CH,, 26+5 percent in He, and 30+5 percent in 
No». If the y-rays produced a considerable part of 
the total ionization, then the apparent absorption 
coefficient would have been much larger when 
using CH, and Ne than when using He in the 
chamber. 

Fig. 2 shows the ionization currents produced 
at different pressures by the neutrons in CH,, 
CsH,, A, He, Ne, He. Similar data given in 
Table I show the relative ionization in these 


TABLE I. Jonization due to y-rays in arbitrary units. 














= for 4 for 
10 atmos- 10 ‘‘ 10 

Gas ___ pheres 20 40 80 y-rays neutrons 
Ne 1.00 1.76 2.56 3.55 3.55 3.78 
He 0.223 0438 0.774 1.27 5.70 2.02 
He 0.184 0342 0.544 0.850 4.61 3.32 
A 1.64 3.15 5.49 8.91 5.44 6.16 
CH, 0.956 1.60 2.38 3.64 3.81 2.16 
CoH, 1.42 2.29 3.52 — — - 








* Becker and Bothe, Naturwiss. 20, 41, 757 (1932). 
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Fic. 2. Ionization as function of pressure. 


different gases by the y-rays from 10 milligrams 
of radium placed several meters from the chamber 
and filtered by 5 cm of lead. The ionization 
produced by the neutrons in He is a little larger 
than that in Ne, while there is approximately 
four times as much ionization due to y-rays in Ne 
as in He. In the case of He, He, C2Hy, and CH, 
the ratio of ionization currents, due to the 
neutrons, at 80 atmospheres to the currents at 10 
atmospheres is less than that for y-rays. Now 
when the ionization currents are not proportional 
to the pressure of the gas, it means that there is a 
lack of saturation. Since neutrons collide with 
atomic nuclei, which in turn produce ions in 
short thick tracks, we might expect these ions to 
recombine more easily and thus be harder to 
saturate. This agrees with the data for He, He, 
CH,, and C.H,, but in A and N, it appears that 
it is slightly easier to saturate the ions produced 
by recoil atoms than those produced by y-rays. 

Since the neutron collides only with the nuclei 
of the atoms, a comparison of their sizes can be 
obtained. We have J=k,\naAE/R where I de- 
notes the number of ion pairs produced per unit 
time; m, the number of neutrons passing through 
the chamber per unit time; a, the number of 
atoms per cc in the chamber; A, the collision area 


between neutron and nucleus; E, the average 
energy given to the nucleus per collision; and R, 
the average energy spent in the production of a 
pair of ions by the recoil nucleus;—k, being a 
constant. In the case of a gas containing two 
different kinds of atoms J = 1,+J_ where J; and 
I, are the ionizations due to the two different 
kinds of recoil atoms. In this case J =k,na,A,F, 
/R+kna2A2E2/R. Since no data were available 
as to the average energy required to form an ion 
pair by the different recoil atoms in the six 
gases used, the average energy spent by an 
alpha-particle in producing an ion pair in each 
gas® was employed in these calculations. 

If we assume that the collisions made with 
nuclei by neutrons are perfectly elastic, we have 
for a head-on collision v=2MV/(m+M) where v 
is the velocity given to the nucleus; M, the mass 
of the neutron, which is taken to be 1.00 in these 
calculations; V, the original velocity of the 
neutron; and m, the mass of the nucleus. Thus 
the relative amounts of energy given to the 
various nuclei are Ey=1.00, Ey.=0.64, Ey 
=0.250, Ec =0.284, and E,=0.095. For col- 


* Rutherford, Chadwick 
Radioactive Substances, p. 82. 
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TABLE II. Jonization due to neutrons. 











po plek Atomic Atomic 
Gas I Ri IR, TiRi T2Ro ay a2 Gas E, A No. Weight 
He 80.6 27.8 2240 2240 — 2240 — N 0.250 3.5 7 14 
H, 106 33.0 3500 3500 — 1750 — He 0.640 2.0 2 4 
A 113 25.4 2870 2870 — 2870 — H 1.00 1.0 1 1 
CH, 436 27.9 12200 7000 5200 1750 5200 A 0.095 17 18 40 
C:H, | 468 26.8 12600 7000 5600 1750 2800 C 0.284 8.0 6 12 
No 87.1 35.0 3050 3050 — 1525 — 














ZJ=ionization currents at 10 atmospheres (except for CH, 
and C.H,). 

R, =average energy spent per ion pair for alpha-particles. 

E, =relative energies given to nuclei. 


lisions other than head on, the ratios of energy 
given to the various nuclei are the same as in the 
case of head-on collisions. 

The values of the ionization J in Table II are 
those at 10 atmospheres where very nearly all 
the ions formed are drawn to the electrodes. But 
for CH, and C.H, twice the value of J at 5 
atmospheres is given instead. Table II gives 
these data on ionization and energies and the 
calculated value of the collision area A between 
the neutrons and nuclei. If we assume that the 
neutrons and nuclei are spherical we have 


U(tatPfue)?/t(ta tru)? = 2.0 


and (ra+?fue)/(fra+?’n) =1.4, where 7, is the 
radius of the neutron and ry. and fry are re- 
spectively the radii of the helium and hydrogen 
nuclei. If the size of the neutron is small com- 
pared to that of the nuclei rx./ra=1.4, rn/ru 
=1.9, ro/ry =2.8, and r4/ry =4.1. The relative 
target areas dqy=1.0, ay. =2.0, ac =8.0, an =3.5, 
and a4=17 are roughly proportional to the 
atomic numbers. This suggests that the nucleus 
may be regarded as a group of separate protons 
and neutrons so that its target area is proportional 
to the number of protons it contains. 


a, =relative number of atoms of type 1 in chamber. 
a,=relative number of atoms of type 2 in chamber. 
A =relative collision area between neutron and nucleus. 


If we take the value 3.5 X 10-8 cm obtained by 
Chadwick‘ as the radius of the carbon nucleus, 
then we get for the radii of the nuclei rq =1.3 
10-8 cm, rye=1.8X10- cm, re =3.5 10-8 
cm, *y=2.4X10-' cm and ra =5.1X10- cm. 
Although the neutron is probably considerably 
smaller than a proton, it seems worth while to 
consider what sizes are obtained for the nuclei if 
we assume that the radius of the neutron is 
equal to that of the proton. Using this hypothesis 
we get ry = 0.76X10-" cm, rye =1.4X10-" cm, 
ry = 2.1X10-8 cm, r¢=3.5X10- cm, and ra 
=5.5X10-' cm. 

I am endebted to Dr. L. M. Mott-Smith for 
the use of the ionization chamber used in these 
experiments. I also want to thank Professor F. J. 
Hodges of the University of Michigan Hospital, 
Mr. C. B. Braestrup of the New York City 
Cancer Institute, and The State Institute for the 
Study of Malignant Disease, Buffalo, N. Y., for 
their gifts of old radon tubes. My thanks are due 
to Professor H. A. Wilson for the interest he has 
taken in this work and for many valuable 
suggestions. 


4 J. Chadwick, Proc. Roy. Soc. A136, 703 (1932). 
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The distribution in angle of electrons having energies 
ranging from 10 to 800 volts scattered by neon atoms was 
measured over a range from 7° to 150°. For the higher 
energies, above 600 volts, the scattering curves fall 
monotonically with increasing angle. For smaller energies, 
an increase of scattering with increasing angle in the large 
angle region becomes more and more accentuated as the 
energy is reduced to 35 volts. Below this the curves 
flatten out. The position of the minimum in the scattering 
curves shifts steadily to smaller angles as the electron 


energy is increased. The elastic cross section obtained by 
integration of the scattering coefficient multiplied by the 
sine of the scattering angle is computed for electron 
energies between 10 volts and 800 volts, and is compared 
with direct absorption measurements. Mott's formula is 
inadequate to describe the scattering curves even at the 
highest voltage, a result in accordance with a criterion set 
up by Morse. The low-voltage curves can be fitted satis- 
factorily to a formula of the type developed theoretically 
by Allis and Morse. 





INTRODUCTION 


EVERAL investigations on the elastic scat- 

tering of electrons by atoms of neon have 
been published in the last few years. Arnot! 
studied the elastic scattering, by neon atoms, of 
electrons having energies between 29 and 412 
volts over a range from 10° to 120°. (Results were 
also given for 830 volt-electrons over a more 
limited angular range, 10° to 40°.) He found that 
the scattering fell off sharply with increasing 
angle up to a certain angle somewhere between 
90° and 120° beyond which the scattering 
increased, especially for the lower electron ener- 
gies. Bullard and Massey’ investigated the 
scattering within the energy range 6 to 30 volts, 
and within the angular range 30° to 130°. 
Ramsauer and Kollath* devised an experimental 
method considerably different from that em- 
ployed by other workers in the field to measure 
the scattering over the angular range 15° to 167° 
for electrons having energies between 0.61 and 
15.9 volts. Recently Mohr and Nicoll‘ published 


* The investigation was made possible by assistance to 
the first named author from a grant made by the Rocke- 
feller Foundation to Washington University for research 
in science. 

1F. L. Arnot, Proc. Roy. Soc. A133, 615 (1931). 

?E. C. Bullard and H. S. W. Massey, Proc. Roy. Soc. 
A133, 637 (1931). 

°C. Ramsauer and R. Kollath, Ann. d. Physik 12, 837 
(1932). 

*C. B. O. Mohr and F. H. Nicoll, Proc. Roy. Soc. A138, 
469 (1932). 


a paper giving curves for the scattering of 50, 84, 
and 150 volt-electrons between 20° and 155°. 
The foregoing investigations were made over 
different angular ranges and different energy 
ranges. The agreement, when they overlap, is not 
always satisfactory. The present investigation 
was undertaken because it is desirable to have 
accurate experimental data, taken under iden- 
tical conditions, over as wide a field as possible, in 
order to test quantitatively advances which are 
being made in the theoretical treatment of 
electron scattering. 


APPARATUS AND METHOD 


The apparatus is the same as that used in our 
recent work on helium but which was not 
described in the published paper.® In our earlier 
work on hydrogen and argon,® the apparatus was 
constructed of metal, made air-tight by sealing 
wax, and therefore could not be outgassed by 
heating. It was found that slow electrons 
(energies below about 50 volts) would not pass 
through narrow slits in such an apparatus, 
possibly because of adsorbed gases on surfaces 
near the slits. To permit some degree of out- 
gassing by heating, the present apparatus (Fig. 1) 
was so designed that all of it could be enclosed in 


5A. L. Hughes, J. H. McMillen and G. M. Webb, 
Phys. Rev. 41, 154 (1932). 

* A. L. Hughes and J. H. McMillen, Phys. Rev. 39, 
585 (1932). 
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a glass “tube 5.5 inches in diameter. A small 
electrostatic analyzer’ containing the deflecting 
plates P and R (radius 19 and 21 mm) was made 
of Monel metal. Only those electrons travelling 
within a small angle with the normal to the slit S; 
could enter the analyzer and reach the collector 
E. This small angle was determined by the slit S, 
and the distance apart (2 mm) of the plates P 
and R. For most of the small angle scattering, 
increased resolution was secured by the addition 
of slit Ss, so that S; and S_ now defined the angle 
of entry. The apparatus was erected on a flat 
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Fic. 1. Apparatus. 


brass base plate through which all the necessary 
wire connections and gas, pump and gauge tubes 
passed. The electron gun G was rotated by 
means of a ground glass joint mounted in the 
base plate. To outgas the apparatus, a furnace 
was lowered over the glass tube and extended 
sufficiently far down to allow heating the 
analyzer and gun. The setting, 6, of the electron 
gun could be changed from 0° to +150°. At very 
small angles, however, the results were unsatis- 
factory, partly because some of the electrons 
could pass straight into the analyzer from the 
gun. Another source of error in the scattering 
measurements at small angles arises from the 
fact that, though above a certain small angle, no 
primary electrons can pass directly from the gun 
into the analyzer, yet the finite angular width of 
the electron beam from the gun may cause it to 
straddle the slit S,; and so prevent parts of the 


7A. L. Hughes and J. H. McMillen, Phys. Rev. 34, 
291 (1929); A. L. Hughes and V. Rojansky, Phys. Rev. 
34, 284 (1929), 
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electron beam from contributing to the electrons 
scattered into the analyzer. For reasons such as 
these we do not consider that our apparatus 
measures satisfactorily the scattering at angles 
less than about 7°. (This was determined by 
measuring the width of the electron beam in a 
subsidiary experiment, in which the beam was 
swept across a fine slit and the number of 
electrons passing through it measured for differ- 
ent setting of the gun.) 

For any given electron energy, scattering 
curves were obtained by taking observations at 
small angular intervals, usually 4° or 5°. To get 
the scattering coefficient, each observation was 
multiplied by sin @ to correct for the change in 
length of the scattering path effective at the 
different angular settings. Then to make all the 
values strictly comparable with each other, the 
scattering coefficients were measured at one 
angle (30°) for all the electron energies selected 
for investigation, Thus the results for all angles 
and for all energies are given in terms of the 
same unit. It was not possible to make a satis- 
factory experimental determination of the abso- 
lute value of the scattering coefficient, although, 
in principle, this could be found from the 
geometry of the apparatus, nor could we follow 
the procedure we used in our helium paper.* 


EXPERIMENTAL RESULTS 


The scattering coefficients measured in this 
investigation are given in Table I. The results in 
all columns are strictly comparable with each 
other. 

The scattering curves are shown in a series of 
separate figures (Figs. 2-6) as it would be too 
confusing to plot them all on the same diagram. 
The only curves which show a regular diminution 
in the scattering coefficient with increasing angle 
are those for 800 and 625 volts. For all the others 





® We found for helium that, when the electron energies 
exceeded 400 volts, the experimental curves fitted perfectly 
the theoretical curves given by Mott's theory. It was then 
assumed that Mott's theory not only gave the shape of 
the curve, but also its absolute magnitude. Since the 
relative values of the curves for all energies were measured, 
it was possible to compute their absolute values. Such a 
procedure was not possible for neon, since within the range 
of energies used by us, no agreement between an experi- 
mental curve and the corresponding theoretical curve 
could be found. 
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TABLE I, Scattering coeficients for electrons scattered elastically by neon atoms (urbitrary units). 


6 =angle. V =energ 


v of electrons in volts. 











V 
x 10 15 25 35 50 75 100 150 225 300 400 625 800 
5.0° é oe _ o* (3827.0) (6792.0) (4695.0) (6040.0) (6855.0) ee sees (5021.0) mee 

7.5° oe ee oe - (2798.0) (5330.0) (4010.0) (4640.0) (4535.0) (3158.0) (4400.0) (3610.0) (3200.00) 
10.0° ee oe es 1423.5 (2363.0) 3782.0 3283.0 3358.0 3392.0 (2552.0) (2958.0) 2560.0 1994.00 
12.5° oe oe - 1289.0 2161.0 2730.0 2539.0 . 2382.0 2385.0 1895.0 1957.5 1850.0 1301.00 
15° oe - os 1198.0 1878.0 2341.0 2057.0 1977.0 1774.0 1491.0 1463.0 1424.0 918.00 
20° 419.0 524.6 ps 1044.0 1434.0 1720.0 1488.0 1345.0 1164.0 893.5 836.0 769.3 502.50 
25° 417.0 535.0 863.0 910.0 1150.0 1273.0 1072.0 988.8 803.0 587.0 491.0 431.8 308.30 
30° 414.0 524.0 731.0 800.0 951.0 956.2 796.6 682.1 514.4 401.2 298.8 250.3 187.20 
35° 413.9 527.0 682.0 719.0 795.0 730.0 605.5 479.2 330.8 260.7 195.7 156.7 125.25 
40° 428.0 533.0 636.0 664.0 675.0 566.3 506.6 351.0 243.7 160.8 140.6 108.4 87.08 
45° 432.8 530.8 593.0 577.7 436.8 326.3 255.3 173.0 113.7 99.2 81.6 65.60 
50° 432.8 526.4 570.5 566.5 468.5 359.0 240.6 189.3 128.6 88.8 69.7 64.2 52.81 
55° 419.8 506.2 5444 398.0 290.8 188.3 150.3 97.4 65.5 49.3 50.6 41.95 
60° 407.8 498.3 515.5 474.0 344.2 245.5 151.6 116.3 76.3 50.8 41.0 38.7 34.27 
70° 367.3 444.0 434.2 383.5 241.2 165.0 90.9 74.6 55.3 39.9 35.2 27.2 20.84 
se 307.7 360.0 344.8 292.0 177.3 96.6 47.4 49.8 47.4 32.9 29.3 23.8 15.44 
90° 244.6 266.2 261.2 182.4 104.1 44.2 25.1 44.8 41.4 29.9 24.2 21.1 13.13 
100° 184.7. 193.0 181.4 118.2 63.3 28.1 24.5 46.4 42.2 28.6 21.2 18.2 11.24 
110° 136.1 135.2 147.3 84.0 60.8 44.9 41.1 63.0 48.3 29.5 20.9 16.0 9.41 
120° 101.9 103.8 144.2 127.8 107.4 102.4 74.7 88.3 55.3 31.5 20.3 13.6 8.10 
130° 80.2 95.5 177.4 230.0 196.4 185.6 128.0 112.9 63.9 33.5 19.4 12.3 7.29 
140° 75.4 110.5 306.8 347.0 288.9 283.0 187.7 138.0 73.2 41.6 19.2 11.3 6.65 
150° 74.8 124.6 380.5 569.0 353.0 348.8 236.3 157.5 77.6 64.0 20.2 10.7 6.24 








a more or less pronounced minimum develops in 
the region 90° to 135°. It will be noticed that 
relatively high values of small angle scattering 
persist down to 50 volts (Fig. 6), while below this 
value, the small angle scattering tends to become 
of the same order as that at much larger angles. 
The increase in the scattering coefficient with 
increasing angle, at large angles, first becomes 
clearly noticeable at 300 volts (Fig. 3) and be- 
comes most marked at 35 volts (Fig. 5). For still 
smaller energies the curves in the large angle 
region flatten out once more. Attention is called 
to a definite, though small, maximum at 50° for 
10 volt-electrons and one at 45° for 15 volt- 
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Fic. 2. Scattering of 800 volt-electrons: continuous line, 
experimental values; broken line, theoretical values. [nset. 
Comparison of the experimental and theoretical values of 


Co(u)-u*}}. 


electrons (Fig. 5). A hump on the 25, 35 and 50 
volt curves in the vicinity of 70°, suggests the 
superposition of a maximum on a steeply falling 
curve (Fig. 5). 

The position of the minimum shifts in a 
regular way with the primary energy of the 
electrons as shown in Fig. 7. 

On comparing our results with those of 
previous investigators in the regions where they 
overlap, we find good agreement in several cases, 
poor in other cases. By “good agreement’”’ is 
meant that, if two curves are fitted together 
at some arbitrary point, they do not deviate 
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Fic. 3. Scattering of 800, 625, 400, 300 and 50 volt- 
electrons. 
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Fic. 4. Scattering of 300, 225, 100 and 50 volt-electrons. 
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Fic. 5. Scattering of 50, 35, 25, 15 and 10 volt-electrons. 


from each other anywhere by more than 10 
percent. Our 10 volt curve shows good agreement 
with that of Bullard and Massey, but only fair 
agreement with that of Ramsauer and Kollath. 
The agreement between our 50 volt curve and 
that of Mohr and Nicoll is fair, that between our 
150 volt curve and theirs is good. Our 50 volt 
curve agrees well with that of Arnot. We find 
only fair agreement between our 404 volt curve 
and his 412 volt curve. 
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Fic. 6. Small angle scattering of 10 to 800 volt-electrons. 
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Fic. 7. Change in position of the minimum scattering with 
electron energy. 


DISCUSSION 


The first approach to a theoretical treatment 
of the scattering of electrons by atoms is to 
suppose that the effect of the electrons within 
the atom on the incoming electron may be 
neglected. The problem then becomes one of the 
interaction between an electron of charge, —e, 
and a nucleus of charge, +Ze. This leads, as is 
well known, to a Rutherford scattering distri- 
bution, according to which the scattering coeffi- 
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cient is proportional to cosec* (6/2), where @ is the 
angle of scattering. Such a formula did not 
represent the experimental facts, and it became 
evident then that the modification in the inter- 
action forces between the atomic electrons and 
the incoming electrons must be taken into 
account. The problem has been attacked from the 
point of view of wave mechanics by several 
investigators. The formulas given by Mott,° 
using a method first advanced by Born," for the 
scattering coefficient of electrons, colliding elas- 
tically, are 


a(v, 0) =[(e?/2mv*)(Z — F) cosec? (0/2)? (1) 


and 


a(u) =[ (em /2h?)(Z — F)(1/u?) P (2) 


where e, m, and wv are the charge, mass and 
velocity of the scattered electron, Z the atomic 
number of the atom, @ the angle of scattering, and 
w= sin (0/2)/A, where \=h/mv. F, which is a 
function of u, or of v and @, is the atomic structure 
factor and measures the contribution of the 
atomic electrons to the scattering. Its value has 
been calculated by James and Brindley." In 
Fig. 2, we have plotted the value of a(v, @) as 
given by Eq. (1) together with the experimental 
values. If we make the curves fit together at 
6=10°, we see that the experimental curve is 
steeper than the theoretical curve at small 
angles (<20°) and less steep at large angles 
(>40°). This is precisely the kind of departure 
which occurs between the corresponding curves 
for the scattering by helium atoms when the 
speed is not high enough to give a perfect fit.” 

The failure of Mott’s theory to represent the 
scattering of 800 volt-electrons is shown more 
clearly in the following way. According to Eq. 
(2), u*La(u) }! should, when plotted as a function 


*N. F. Mott, Proc. Roy. Soc. A127, 658 (1930). 

0M. Born, Zeits. f. Physik 38, 803 (1926). 

"R. W. James and G. W. Brindley, Phil. Mag. 12, 81 
(1931). See also D. K. Froman, Phys. Rev. 36, 1339 
(1930). 

2 It is to be admitted that there is a certain degree of 
arbitrariness in selecting a point at some distance from 
either end of the experimental range for fitting the curves 
together. Had either end point been chosen, the curves 
would not have crossed a second time. In view of the 
trend observed in the comparison between the experi- 
mental and theoretical curve for helium, it was reasonable, 
however, to look for a similar trend in the neon curves. 
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of w, give a graph of Z—F and therefore of 
F. In the inset in Fig. 2, we have plotted 
w?La(u)-2zp. |? in arbitrary units, where a(u)-2»., 
the experimental scattering coefficient, is calcu- 
lated from the 800 volt column in Table I. We 
have also plotted Z—F, using James and 
Brindley’s values for F. It is evident that there 
is no similarity in shape between the theoretical 
and experimental curves. The conclusion to be 
drawn is that the simplifying assumptions made 
in deriving the above equations do not hold for 
collisions between neon atoms and electrons with 
energies as low as 800 volts. Morse™ gives a 
curve for Z— F for neon and shows that Arnot’s 
scattering coefficients for 412 volt-electrons fit 
on it. The reason for this apparent agreement is 
that only a few points corresponding to small 
angle scattering were taken. On examining the 
inset in our Fig. 2, it will be seen that if we adjust 
the experimental curve to coincidence with the 
theoretical curve at 4 =0.7, then the two curves 
will practically coincide for all values of u less 
than 0.7, but will diverge tremendously for 
greater values. From yv=0 to w=0.45 (on 
allowing for the fact that Morse’s u is 47 times 
ours) is just the limited region over which Morse 
found agreement between Arnot’s results and 
theory. Morse’ gives as a criterion of the 
minimum energy at which one would expect the 
formulas given in Eqs. (1) and (2) to hold, a 
value of 50 Z? volts. (This value comes from the 
fact that the approximations made in deriving 
the formula are satisfactory only when the 
distance of closest approach of the particle to the 
scattering center is much smaller than the wave- 
length associated with the electron.) For the 
inert gases this leads to the values in Table II. 











TABLE II. 
Gas Z 502? Experimental 
He 2 200 volts > 350 volts, <500 volts 
Ne 10 5000 “ > 800 volts 
A 18 16,200 “ ? 








The results in the ‘“Experimental’’ column for 
helium are taken from our previous paper, and 
those for neon, from this paper. It would be 


3 P. M. Morse, Rev. Mod. Phys. 4, 597 (1932); Fig. 9. 
4 P, M. Morse, Private communication. 








880 A. L. 


interesting to carry out experiments with neon up 
to 10,000 volts, to see if Morse’s criterion holds 
also for this gas. Considerable modification in our 
apparatus would be necessary to enable us to use 
voltages higher than about 800. It is evident then 
that Mott’s formula is not adequate to describe 
the scattering of electrons of energies of the 
order of 800 volts in neon. 

The formulas given by the Born-Mott theory 
are approximate, because, in deriving them, it 
has been assumed that the waves representing 
the electrons are not distorted by the atomic 
field. Only when the electron wave is sufficiently 





dw 
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short is the assumption justified by agreement 
between theory and experiment. This distortion 
of the electron wave is not neglected in another 
method used by Mensing,'® Allis and Morse," 
Faxen and Holtzmark."’ The method is similar to 
that used by Mie and Debye'® in the problem of 
the scattering of ordinary light waves by very 
small particles, where the distribution in angle 
of the scattered light contains maxima and 
minima which move in towards small angles as 
the wave-length is diminished. Allis and Morse 
find that the angular distribution of the scattered 
electrons is given by the expression 


— D (2A+1)(2d\’+1)P,(cos 6)Py-(cos 8) sin y, sin yx cos (ya— Ya"), 


k2 A, A’=0 


where dw is the solid angle, @ the angle of 
scattering, k? is the kinetic energy of the electrons, 
and 2X’ are integers, the P’s are Legendre 
polynomials, and the y’s are certain angles. 
These angles, y, and y)’, are the shifts in phase of 
the wave representing the electron when in the 
field of force of the atom. The above expression 
is exact as it stands. Before anything can be 
done with it, however, the y’s must be calculated 
for a given electron wave-length and for the 
potential field representing the atom. This is 
where an approximation has to be made, for the 
calculation has been carried out only for very 








simple types of field. Morse calculates the y’s for 
the case of an atom represented by a nucleus Ze 
surrounded by a spherical shell of charge —Ze 
and having a radius fo. On inserting these into the 
formula, it is possible to compute the scattering 
coefficients for various angles and for various 
electron energies. The results, however, do not 
agree with our experimental values. We therefore 
attempted to use the expression as an empirical 
formula for electron scattering. Expanding the 
formula as far as the first three terms, we get, for 
the scattering, a quantity proportional to 


(1/v?) (sin? yo+6 cos @ sin y; sin yo Cos (y1— Yo) +9 cos? 6 sin? y;) 


where v is the velocity of the particle. The y’s 
were determined, for each velocity, from the 
scattering at two arbitrarily chosen angles. 
Then with the y’s so determined (Fig. 8A) the 
complete curves were computed by means of the 
above expression. The results are shown in Fig. 
8. It will be seen that, if we ignore the small 
angle scattering (<30°), the agreement between 
the experimental and theoretical curves is fairly 
good. The curves shown in Fig. 8 are all plotted 
on the same scale, i.e., the experimental and 
theoretical curves have not been separately 
fitted together in each of the plots C, D and E, 
except insofar as the y’s in plot A are determined 
for each electron speed at some arbitrarily chosen 
angle. (Mohr and Nicoll‘ have already shown 





that certain large angle scattering curves re- 
semble in shape some of the Legendre coeff- 
cients. ) 

Massey and Mohr'* have developed a theory of 
electron scattering in which the distortion of the 
electron wave by the atom and electron exchange 
are taken into account. Unfortunately they have 


1% L.. Mensing, Zeits. f. Physik 45, 603 (1927). 

1 W. P. Allis and P. M. Morse, Zeits. f. Physik 70, 567 
(1931); see also P. M. Morse, Rev. Mod. Phys. 4, 578 
(1932). 

17H, Faxen and J. Holtzmark, Zeits. f. Physik 45, 307 
(1927). 

18 See M. Born, Optik, p. 275 (Springer, 1933). 

19H. S. W. Massey and C. BR. O. Mohr, Proc. Roy. 
Soc. A136, 289 (1932). 
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Fic. 8. Comparison of experimental with theoretical scattering curves: 
A, phase angles, yo and y,;. B, Legendre coefficients. C, D and E, continuous 
lines, experimental values for 10, 50 and 100 volt-electrons; broken lines, 


theoretical values. 


not computed numerical results for neon which 
could be checked by our experimental values. 
The absorption coefficient of a gas for electrons 
is frequently interpreted in terms of the ‘‘cross 
section” of the atom for interception of the 
electrons. If a single atom be placed on an area 
1 cm’, and if that area be bombarded by a beam 
of electrons uniformly distributed over the area, 
then the ratio of the number of electrons diverted 
from the original direction to the total number 
measures the cross section of the atom. (Another 
type of cross section would involve, in addition, 
the number of electrons losing speed but not 
changing direction on passing through the atom. 
This does not concern us here.) The cross section 
includes the “elastic and the 
“inelastic cross section.” The former refers to the 
number of electrons diverted from the beam 


° ” 
cross section 


without loss of energy, while the latter refers to 
those diverted and losing energy. It is possible to 
use our scattering curves to compute the elastic 
cross section. Since the number of electrons 
scattered down a solid angle dw is proportional to 
dw:a(v, 0), by the definition of the scattering 
coefficient a(v, @), then the number deviated 
from the main beam of electrons, through an 
angle larger than a certain small angle 46, by 
elastic scattering, is proportional to 


9 
res 


| a(v, 0)-2mr sin 6d0. 


“50 


This integral can be evaluated graphically from 
the values given in Table I after each value is 
properly multiplied by sin 6. According to theory, 
the value of a(v, @)-sin@ goes to zero, as ¢@ 
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Fic. 9. Elastic cross section. Continuous lines, experimental values; broken line, 
calculated from Normand and Smith’s results. 


changes from a small angle to zero angle. This 
tendency was very evident in our curves, even 
though the smallest angles at which measure- 
ments were made was usually 7°. Consequently 
an obvious extrapolation of our curves to 6=0° 
gives us the total number of electrons scattered 
between the extreme limits @=0° and @= 180°. It 
is believed that the elastic cross section, so 
computed, is more accurate than any values 
which can be inferred from direct measurements 
of absorption of electrons in gases, for it has 
been found” that the total cross section depends 
considerably on the geometry of the apparatus, 
which is another way of saying that the effective 
minimum angle, 66, through which the electrons 
must be deviated in order to be counted, is not 
small enough to have no effect on the measured 
cross section. The elastic cross sections so 
calculated for different energies are plotted as a 
heavy line in Fig. 9. A comparison with direct 
measurements of the absorption coefficient can 
be made in this way. Normand*! measured the 
absorption coefficient for electrons in neon, which 


20 R. R. Palmer, Phys. Rev. 37, 70 (1931). 
tC, E. Normand, Phys. Rev. 35, 1217 (1930). 


gives us the total cross section. If we make the 
assumption that the inelastic cross section is 
accounted for chiefly by collisions resulting in 
ionization, thus neglecting the inelastic collisions 
resulting in excitation, then, on subtracting the 
ionization yield from the total absorption, both in 
the proper units, we should get a quantity 
proportional to the elastic cross section. Smith” 
has determined the ionization yield. The dotted 
curve is that obtained by subtracting the 
ionization yield from the total absorption. It will 
be seen that there is fairly satisfactory agreement 
between the shape of the elastic cross-section 
curve determined by the proper integration of 
the elastic scattering coefficients and that ob- 
tained from total absorption and_ ionization 
experiments. The nature of the deviation be- 
tween the two is accounted for qualitatively 
when we remember that, as the energy of the 
electrons is diminished, the relative number of 
inelastic excitation collisions increases. This is 
the factor which was left out of consideration in 
computing the dotted curve, as we have no 
quantitative data available as to the relative 
number of collisions leading to excitation. 


2 P. T. Smith, Phys. Rev. 36, 1293 (1930). 
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The Infrared Absorption Bands of Acetylene 


G. B. B. M. SUTHERLAND, Trinity College, Cambridge, England* 
(Received March 30, 1933) 


The present interpretations of the overtone bands in 
the infrared spectrum of acetylene are unsatisfactory in 
that they either do not fulfill the known selection rules or 
else fail to give satisfactory numerical agreement between 
calculated and observed band positions. A new arrange- 
ment of the complete infrared spectrum of acetylene is 
given which is in accord with the selection rules and yields 


consistent numerical results. Several of the anharmonic 
and interaction constants are thus determined for the 
five fundamental frequencies. It is remarked that there is 
probably a direct connection between the magnitudes of 
these anharmonic constants and the intensities of the 
overtone bands. 





T has been known for some time that the form 
of the acetylene molecule is linear and 
symmetrical. This was proved by the work of 
Levin and Meyer! and of Mecke and others? on its 
infrared absorption bands. Such being the case, it 
must possess five fundamental frequencies and it 
should be possible to interpret all of the observed 
infrared bands in terms of the allowed overtone 
and combination bands of these five funda- 
mentals, the physical character of which is 
illustrated in Fig. 1. Several attempts have now 
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been made to do this,* but none of them can be 
regarded as satisfactory. Those of Mecke, and of 
Lueg and Hedfield may be immediately disre- 


*Commonwealth Fund Fellow at the University of 
Michigan. 

‘Levin and Meyer, J. Opt. Soc. Am. 16, 137 (1928). 

? Childs and Mecke, Zeits. f. Physik 64, 162 (1930); 
Hedfield and Mecke, Zeits. f. Physik 64, 151 (1930); 
Mecke, Zeits. f. Physik 64, 173 (1930). 

* Mecke, Zeits. f. physik. Chemie B17, 1 (1932); Hedfield 
and Lueg, Zeits. f. Physik 77, 446 (1932); Lochte- 
Holtgreven and Eastwood, Zeits. f. Physik 79, 450 (1932). 


garded since the selection rules given by Denni- 
son‘ are fulfilled by neither of them, while that of 
Lochte-Holtgreven and Eastwood leads to fla- 
grant discrepancies between the observed and 
calculated values of several combination fre- 
quencies. 

There is actually little doubt about the 
assignment of the five fundamental frequencies; 
these have been given their approximate values: 
by Mecke, viz. 


vyi=1975 cm", v=3370cm™", v3=3277 cm", 


vs= 729cm™", »v,=600cm, 


and we need not go into the arguments which 
show that this is the only possible choice. The 
difficulty comes in combining those to yield the 
other observed frequencies while conforming 
with Dennison’s selection rules. The latter are 
given in Table I where m3, m4, m; are quantum 


TABLE I. Dennison’s selection rules. 








Parallel Bands Perpendicular Bands 











Ns odd even even odd 

Ng even odd odd even 

ns even odd even odd 
numbers (taking any integral values) in the 
general expression for an overtone or combi- 


nation band, viz. 


V = NV +Novet+NgvgtNgyg tgs. 


4 Dennison, Rev. Mod. Phys. 3, 280 (1931). 
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TABLE II. Observed bands and interpretations. 

















Arrangement 
Fre- 
quency Lochte- 
observed Holgreven 
(cm) and 
Mecke Hedfield and Lueg East wood 
730 M% %4 M% 
1326 Vets vats vats 
2643 vo Vo—-M% vo-V% 
2670 V3 M5 ¥3—- VY V3— V5 
2683 ? f ? 
2702 vitns vitnyrs vit 
3288 V3 V3 V3 
3898 v3tys vats Vs tMs5 
4092 vot vot vot 
4690 | votmtys vatmytys votvatys 
5250 vystr vty, vytry 
6500 vetr2 2vs vatve 
8450 | vitvetys vitvetvs vitvretes 
9641 33 3v3 3v3 
9835 -- 3v; ‘ohne verstimmung” ~— v3 +: 22 
10400 — 2v3+2v; 2v3+2y; 
11599 3vsty, Syst vy 3ue+ v4 
11783 —- 4v3— V4 vst3r2 
12676 4p; 4p, 3vg+ V2 
15600 == 5y3 3vst2ve 
18430 = 63 3v3t+3ve 











The observed bands together with the existing 
interpretations of them are given in Table II. 
Of these bands the positions of the last eight are 
known with great accuracy, since these have 
been observed photographically under very high 
dispersion.’ The positions of the preceding four 
are not known with any accuracy, while the first 
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Since the appearance of overtone and combi- 
nation bands is due to an anharmonicity in the 
vibrational motions of the molecule the simple 
formula 


V= NV +NgvetNgv3t+Ngyys$Ngys 


will only give the positions of the bands very 
approximately and to obtain accuracy we must 
introduce anharmonic correction terms depending 
on the second powers of the quantum numbers. 
Thus we write 


Y= tNgvetngys tng tNgrstximy 
Xoo? +X 33H 3? + Xn ge txssMs?> +X12N Ne 


+x 9% Ng te ++ +x G5 4Ns 


and the observed fundamentals are no longer 
V1, V2, V3, vg and v; but vy +X), v2+Xe2, etc. If now 
there exists a series of combination bands of, 
say, the two fundamental frequencies v2 and »;, 
then three of those will be sufficient to determine 
X22, X33 and X23; the positions of the others may 
then be predicted with great accuracy and the 
resulting agreement forms a test of the correct- 
ness of the assignment. This was the method 
employed by Lochte-Holtgreven and Eastwood 
whose results are summarized in Table III. The 
agreement between calculated and observed 
values is seen to be most unsatisfactory. It will 
now be shown that an alternative arrangement of 








nine are correct to within about one wave the bands exists which yields very consistent 
number. results. 
TABLE III. Results of Lochte-Holtgreven and Eastwood. 
ve=3285n2—56n2?; v3 = 3308.4n; — 31.637; X23 = — 65.6 cm7! 
Frequency v3+ve v3t+2v2 vit3ve 3v3+r2 3v3+2v2 33 +302 
Calculated 6440 9492 12,431 12,673 15,593 18,401 
Observed 6500 9835 11,782 12,675 15,600 18,430 








The essential point in this new interpretation 
is that the very strong band at 9641 cm™ is no 
longer taken to be 3v3 but to be v3+2v2. While 
this may seem surprising at first sight the 
arguments for such an assignment are very 
strong for in addition to yielding consistent 
values for the anharmonic constants it explains 
several qualitative features which seemed rather 
puzzling on the old interpretation. For instance, 


5 Lueg and Hedfield, reference 3. 





it seemed surprising that if 3v; (i.e., 9641 cm™') 
were so intense, no sign of 5v3 should be observed, 
but on the new arrangement 37; (i.e., 9835 cm *) 
is already a weak band and so one would not 





expect 5v3; to be observed. Again if 3v3 is an 
intense band one would expect to find signs of 
3v3+vs since v3+v; is quite a strong band (cf. 
vstv; and 3yv3+7,; which appear on _ either 
assignment). This is fulfilled by the new, but by 
none of the old arrangements. Another satis- 














vy, =1974 cm"; 
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TABLE IV. New assignments of bands. 

















ve = 3372 cm"; v3 = 3288 cm™; vg=730 cm; vs =605 cm=!_ 

Frequency Frequency 
observed Charactert Character predicted 
cm™! observed predicted Assignment cm7 
730 Perpendicular Perpendicular % —- 
1326 Parallel Parallel vats — 

2643 Perpendicular Perpendicular vo—% 2642 
2670 ? -- Overlapping bands -- 
2683 Perpendicular Perpendicular V3— V5 — 
2702 = 2 vit -— 
3288 Parallel Parallel V3 -- 
3882 Perpendicular Perpendicular vst, 3880 
3910 Parallel (?) Parallel 34 +305 -—- 
4092 Perpendicular Perpendicular vot oe 
4690 ? Parallel votvgtys — 
5250 ? “i Vat Lal 5253 
6500 ? sa V3 a ve 65 1 3 
8450 ? ” Vetretn 8435 
9641* Parallel V.S. ” v3t2r2 9641 
9835* aie ° 3y3 9835 
10,400* ? VLW., Perpendicular Sustys 10,400 
11,599* Parallel S. Parallel vy t2vet+r, 11,599 
11,783* ~ a Syst 11,783 
12,676 - wm v3 t+3ve 12,668 
15,600 * 7 ™ v3 t4yve 15,598 
18,430* - 2 = vetSve 18,430 











* Abbreviations for intensity of photographed overtones: V.S.=very strong, S.=strong, M.=medium, V.W.=very 


weak. 


{A “perpendicular” band possesses a Q branch while a “parallel” band possesses no Q branch. 


factory feature of the new arrangement is-that it 
explains the very weak band at 10,400 cm“! 
which seemed to contradict Dennison’s selection 
rules even in Lochte-Holtgreven and Eastwood's 
arrangement. It is unfortunate that its extreme 
weakness seems to have prevented even a 
determination of the general character of this 
band. 

Table IV gives the new assignment. The 
experimental values are taken from Levin and 
Meyer (for the first nine frequencies), from 
Mecke (for the next four) and from Hedfield and 
Lueg (for the last eight). The values for the 
frequencies v; and v2 are taken from the measure- 
ments of Bhagavantam® on the Raman spectrum 
of the gas; these are probably correct to within 
less than 2 cm™. 

Six frequencies (marked with an asterisk) were 
required to determine the anharmonic constants 
X19, X13, X22, X23, X33 and xX; giving the values 


Xi2= 3 cm", xo3>=> 146.8 cm", 
Xi3=—-9cm", X33= —5cm"|, 
Xoo = —49.2 cm—, bs ia 13 cm". 


* Bhagavantam, Indian J. Phys. 6, 319 (1931). 


These constants then permitted a calculation of 
the positions of six other bands formed by 
combinations of the fundamentals 7, v2, vs and 
v;. The agreement between calculated and 
observed positions is very satisfactory, con- 
sidering the uncertainty with which some of the 
bands are known’ and the assumptions involved 
in such a calculation. It is interesting to notice 
the variations in magnitude of these constants. 
The fact that x23 and x22 are so large compared 
with the others is in accordance with the 
observed intensity of the series of overtones 
Vatve, vgt2ve, v3t+3ve, vs t+4ve and v3+5ve. A 
similar phenomenon has been found by Adel and 
Dennison® in the overtone bands of carbon 
dioxide. 

As regards the bands between 1300 cm~ and 
5000 cm some modifications of Mecke’s ar- 
rangement are proposed. The difference band 

7It is important that the bands at 6500 cm™ and 
8450 cm™~! be reexamined under high dispersion as a 
confirmation of the above assignments. Professor Imes of 
Fisk University informs me that he intends to undertake 


this work very shortly. 
8 Adel and Dennison, Phys. Rev. 43, 716 (1933). 
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v3— vs is associated with the frequency 2683 cm™! 
instead of 2670 cm~ yielding an accurate value 
for v; of 605 cm~. When this is used along with 
the value of x3; determined from the band at 
10,400 cm to predict the position of the band 
v3+v; we obtain a calculated value of 3880 cm—. 
This seems to fit the weak maximum observed at 
3882 cm much better than the strong one at 
3898 cm. Accordingly we take the latter to be 
the P branch of a parallel band with center at 
3910 cm~ and interpret it as 3»,+3»;. The 
anomalously high intensity of the P branch is 
probably due to its having superimposed on it 
the R branch of the 3882 cm- band. The fact 
that, in the corresponding band at 1326 cm, due 
to vs+v; the convergence was in the P rather 
than the R branch, is important since a slight 
exaggeration of this effect in the “‘overtone”’ at 
3v4+3v; would also tend to make the unresolved 
P branch appear stronger than the R branch. 
If Mecke’s assignment is correct then the 
accurate value of »; is 618 cm~ and the calculated 
position of v3+yv; is 3888 cm (with x3;;= —18 
cm). Since this seems to agree with neither of 
the maxima we would have to assume that the 
interpretation of the band at 10,400 cm~ as 
3v3+v; is wrong. A careful reexamination of the 
bands at 2670 cm@, 2683 cm™, 3882 cm™, 
3898 cm and 10,400 cm would be very de- 
sirable in order to discriminate between these 
assignments. 

Some of the other interaction constants may 
be determined from the remaining bands. Thus 
we obtain; 


vats X45= —9cm", 
Vatr, Xig= —2 cm~, 
from that 
vate Xo4= —10 cm~, 
vatvetrs X25= +2 cm. 


°Cf. The Infrared Spectrum of Carbon Dioxide, Part II 
by Adel and Dennison (to appear shortly in The Physical 
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These values cannot be verified until more bands 
have been observed, the positions of which 
depend on them, but (with the exception of x2;) 
we may assume that the error is not more than 
one or two wave numbers. To determine x2; with 
this accuracy the position of the band at 4690 
cm requires to be known with a corresponding 
accuracy. 

While the correct assignment of the overtone 
and combination bands in an infrared spectrum 
such as that of acetylene is of considerable 
interest as a verification of theoretical selection 
rules the question arises whether it will lead to 
further results of importance. We feel that this is 
the case since it allows a determination of the 
anharmonic constants x;; which describe the 
behavior of the potential energy for amplitudes 
of vibration which are not infinitesimally small. 
It seems quite probable that these will prove to 
be of major importance in eventually furnishing 
the molecule with a potential function valid over 
a large range of the coordinates. Some progress 
has already been made in this direction by Adel 
and Dennison® in their study of the carbon 
dioxide molecule. The acetylene molecule being 
somewhat more complex, the necessary analysis 
has not as yet been made. One qualitative feature 
has already appeared however, for, as we have 
pointed out, there exists a direct connection 
between the magnitude of the anharmonic 
constants and the intensities of the combination 
bands. 

I would gratefully acknowledge the benefit of 
much helpful discussion of this problem with 
Professor D. M. Dennison. I am also indebted to 
him and to Mr. Adel for permission to use their 
results on carbon dioxide before publication. 


Review) where it is shown that, when no resonance de- 
generacy exists, the factor giving the convergence of the 
rotation lines in a fundamental band has to be multiplied 
by three for the convergence in the second overtone. 
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Hyperfine Structure and the Polarization of Resonance Radiation. II. Magnetic 
Depolarization and the Determination of Mean Lives 
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Breit has derived formulae giving the polarization 
P(H) and the angle of maximum polarization @ of a 
resonance line showing hyperfine structure, as a function 
of a weak magnetic field applied in the direction of obser- 
vation of the resonance radiation. The formulae give a 
means of estimating the effect of hyperfine structure on 
the calculation of the mean life + of an excited atom from 
experiments on the magnetic depolarization and rotation 
of the plane of polarization of resonance radiation. The 
calculation has been carried through for the case of the 
resonance line of Cd(A3261) and that of Hg(A2537), and 
it is found that the differences between the value of + 
calculated from hyperfine structure data and that calcu- 
lated from tan 2@ by the usual non-hyperfine structure 


method lie well within the experimental error. P(H)/P» 
is found to be practically the same whether hyperfine 
structure is taken into account or neglected. This is due 
to the fact that the greatest contribution of the polarization 
in these cases comes from the isotopes having no nuclear 
spin and the g-value for the upper state of these isotopes 
is larger than any other upper hyperfine structure state 
involved. The mean lives of the 7°S, state of mercury 
have been recalculated from Richter’s data on the polari- 
zation of stepwise radiation. The values of + obtained by 
this method of calculation are 7.2X10-* for 4047, 
1.69 10-*§ for 44358 and 1.53X10-* for \5461. A dis- 
cussion of Richter’s results is given. 





INTRODUCTION 


ECENTLY, the writer! has given a general 

method for the calculation of the polari- 
zation to be expected for any resonance or 
fluorescence line showing hfs? if the hfs of the 
line in question is known. Breit* has derived 
expressions for the polarization, P(#), in weak 
magnetic fields, oriented along the direction of 
observation, as a function of the field, and also 
for the angle of maximum polarization @. It is the 
purpose of this paper to carry through the 
calculation for certain resonance and fluorescence 
lines and to compare the results with the 
observed experimental data. Since the expressions 
for P(77) and @ contain the mean life, 7, of the 
excited state giving rise to the radiation as a 
parameter, this quantity may be calculated. 

In making the calculation for a line showing 
hfs one must make use of quantities related to 
the polarization of the line in zero magnetic field 
discussed in I. Consider an element consisting of 





CNal, 


(2ja+1)(2t.+1) 
1A. C. G. Mitchell, Phys. Rev. 40, 964 (1932). Hereafter 








referred to as I. See this paper for references to calculations 


by other authors. 


various isotopes a, of nuclear spin 7, and relative 
abundance JN,. Let the lowest gross state of such 
an isotope be denoted by a, having a quantum 
number j. and various hyperfine levels f. By 
absorption of radiation of a suitable frequency 
from an exciting arc, atoms are raised to various 
hyperfine levels ¢ of an upper state 6 having a 
quantum number j,. Atoms may return to a by 
the emission of resonance radiation ad or to 
another state c(h, j-.) by the emission of line 
fluorescence (bc). (See Fig. 1 of I.) 

Suppose that the resonance tube, containing 
the gas to be investigated, is situated at the 
origin of a rectangular coordinate system in 
which the exciting light is progressing along the 
Y-axis and the direction of observation is along 
the Z-axis. Let a magnetic field of strength 7 be 
placed anywhere in the X Y plane such that the 
angle between the electric vector of the exciting 
light and the field is ©. The chance of reaching a 
magnetic sublevel u of ¢ by the absorption of a 
suitable hfs component of the line ab is therefore 


[A,##(a) cos? 0+43A,%2(a) sin? 0], (1) 


2 The term hyperfine structure will be designated by hfs. 
3G. Breit, Rev. Mod. Phys. 5, 91 (1933). 
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where A,*#*(a) is the transition probability for a 
x component between the magnetic sublevels 
u(¢, jo) and m’(f, j.) of the lower state (equivalent 
to y of I); and A,*#«(a) is the sum of o transition 
probabilities from y(¢, j) to ja(f of I). The 
quantity (2j.+1), being the same for all Afs 
components of a given line, may be absorbed into 
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the constant C as may also J, if we limit our 
considerations to exciting sources in which all hfs 
components have equal intensity (broad line 
source). If X(ga) and Y(¢ga) are the contribu- 
tions tq the intensity of the line dc, from the level 
¢, which are polarized along and perpendicular to 
the field, respectively, we have 











CN. A, ¢#*(c) 
X (ga) =————- > — — [A,*#*(a) cos? 0+ 3A, *##(a) sin? O], 
(Qig +1) * A,#2(c) +A, ¢H@(c) " 
( 
1 CN, A,*#4(c) 
Y(¢ga) =-- ~ [A,¥##(a) cos? O+3A,¢#*(a) sin? O], 
2 (Qiat1) * A,P¥*(c) +A, ¥#@(c) J 
where A,*#*(c), A,**(c) are the sums of the X (ga) — Y( ga) 
transition probabilities from the magnetic sub- P( ga) = (3) 


level u(y, 7.) to all m’’’(h, j.) for « and ¢ com- 
ponents, respectively. 

Let us denote the contribution to the polari- 
zation of the line bc from the hyperfine level ¢ by 
P(¢, a) defined by the relation 





[Na/(2iat+1)]{3D,A,%#*(a)A,*##(c) —[(2p+1)/3]4*A"} (3 cos? O—1) 


Dad o(X(va)+ ¥(ya)) 
The total polarization of the line will then be 
given by 

P=) 2). eP(¢a). (4) 


The expressions for P( ga) may be brought into 
the form 





P( ga) = 


; — (§) 
Val Na/(2tat1)]iL pL Ae e**(a)Ax*#*(c)(3 cos? O—1) 
+[(2j.+1)(2¢2+1)/3JA*A*(3 —cos? O)} 
by using the relations 
A,*#*(a)+A,%#*(a) =A, A% = (2¢+1)A*, > yA, P#*(a) —4>,A,e**(a)=0, (6) 


which express respectively the fact that: The 
total chance of leaving the sublevel yu of ¢ is 
A™; there are (2¢+1) magnetic sublevels of ¢; 
and all hfs components coming from ¢ are 
unpolarized if the level is isotropically excited. 
Similar relations hold for the fluorescence line dc. 

In making the calculation for resonance lines 
the same procedure is adopted as in I, namely 
that the transition probabilities are so chosen 
that the chance of leaving any magnetic sublevel 
of any upper hyperfine state is the same for all 
such states. This makes A” directly calculable. 
In the case of fluorescence lines the transition 
probabilities for the line ab are left unchanged 
and the total transition probability from u(¢) to 
all levels h;, he, «+ - etc., is called A. The relative 
transition probabilities from u(¢) to Ay, he, --- 





etc., must be adjusted to be in accord with the 
sum rule for intensities. If the line ab is resolved 
spectroscopically from bc it is convenient to 
choose A® equal to A”. 

If the resonance tube is in a zero magnetic 
field and the exciting light is polarized with its 
electric vector parallel to Y, then from spectro- 
scopic stability we may place 0 =0 in Eq. (5). 
Throughout the article we shall use the notation 
Po(¢ga) for the value of the expression at O=0. 
If we are dealing with resonance rather than 
fluorescent light it is, of course, to be understood 
that one takes c=a in (5). Furthermore, if P); 
and P, be the polarizations observed with the 
electric parallel or perpendicular to the magnetic 
field, it follows from (5) that P, = P))/(P\;—2). 
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MAGNETIC DEPOLARIZATION 
1. Theory 


It is well known that if a small magnetic field 
is directed along the Z-axis (direction of obser- 
vation) the degree of polarization decreases as 
the field increases and the plane of maximum 
polarization is rotated through an angle 6 with 
respect to its original direction. If the polarization 
P(I1) is measured by observing the intensity of 
light polarized parallel to X and Y respectively, 
then according to Breit,’ P(77Z) is given by 

Po( ga) 
14+[(ell/mc)g.(a)rP 
where g,(a) is the hfs Lande g-factor for the 
state ¢. In making the calculation it is assumed 
that 7 is the same for all hyperfine states of the 


gross state b. Similarly the angle @ is given by 


Dad oP o( ya) sin (26) ga cos (28) ga 
tan 20 =—__—_—_ — 
Lad ¢Po( ya) cos* (28) va 


where the angle (2@) 2 is given by 


P(H) = Dade 





(7) 





» (8) 
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2. Comparison with experiment 

(a) Mercury resonance radiation 42537. With 
the methods outlined above the values of P(#) 
for mercury resonance radiation (A2537) were 
calculated for different values of the magnetic 
field H, by using for the mean lifes ® += 1.08 
10-7 sec. The values of Po(ga) and g,(a) for 
the various upper hfs states of the line are 
given in Table I for reference. The results of 











TABLE I, 
State 
(isotope, 7, ¢) Po( ga) gy(a) 
(even, 0, 1) 0.754 3/2 
(199, 1/2, 1/2) 0.000 see 
(199, 1/2, 3/2) 0.058 1 
(201, 3/2, 1/2) 0.000 see 
(201, 3/2, 3/2) 0.016 2/5 
(201, 3/2, 5/2) 0.020 3/5 
Py= 0.848 








the calculation are shown by the full curve in 





tan (28) pa = (ell /mc)g (a). (9) Fig. 1, in which P(//) is plotted as ordinate and 
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80 }, ‘ ye - 
— Hfs 2537 €=408 x/0° 
70 -— a No AFS . ke = 84.7 yA 
a \ © O/son's data B= 84% 
60 n A O/son’s data R=79% 
& 
50% 
o 
40 t& 
~" 
3O Rs 
Q 
20 -— 
mo 
| | | H (gays) | | 
U. ~) 0.6 





3 O.# Og 


Fic. 1. 


4W. Zehden and M. W. Zemansky, Zeits. f. Physik 72, 
442 (1931). 


’P. H. Garrett and H. W. Webb, Phys. Rev. 37, 1686 
(1931). 
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H as abscissa. The broken curve is a hypothetical 
curve obtained on the assumption that the 
2537 line is due to isotopes having no nuclear 
spin with a g-value for the 6°P state of 3/2, but 
that for some unknown reason the degree of 
polarization in zero field is 84.7 percent instead of 
100 percent, as would be expected in such a case, 
i.e., calculated by 


P(H)= Po/(1+[(eH/me)gr}’) 


with Py = 84.7 percent. Some experimenters have 
made exactly this assumption in calculating r for 
mercury from a curve showing P(//) as a function 
of H. Comparison of the two curves shows that 
the error in such a procedure is within the limits 
of experimental measurement. The reason for 
this is two-fold. In the first place the greatest 
contribution to the polarization comes from the 
non-spin isotopes (70 percent of the mixture), 
and’ secondly these isotopes have the largest 
g-values for the upper excited state, so that they 
contribute relatively more to the depolarization 
in weak magnetic fields than do the other 
isotopes. A similar situation arises in the case of 
the resonance line of cadmium \3261. 

Olson’s® experimental points are also plotted on 
Fig. 1. He made two sets of experiments. In the 
series represented by the circles in the figure, the 
exciting mercury arc lamp was run at low 
current density, and it was found that the degree 
of polarization in zero field attained the theo- 
retically predicted value of 84 percent. In the 
other set of experiments represented by the 
triangles, the exciting source was operated at 
higher current density and the degree of polari- 
zation obtained in zero magnetic field was found 
to be 79.5 percent, considerably lower than that 
predicted from the theory. It will be seen from 
Fig. 1 that the observed points from the first 
group of experiments fit the theoretical curves 
admirably. The data from the second set of 
experiments deviate from the theoretical curve, 
especially in the region of low fields. The cause 
of the deviation in the second case is not exactly 
clear but it is possible that at the high current 
densities used the vapor pressure in the exciting 
source was high enough to cause a relatively 
greater self-reversal in the strong (non-spin) 


* Olson, Phys. Rev. 32, 443 (1928). 
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components than in the weaker components. 
The distribution of intensity over the various hfs 
components in the exciting source probably did 
not correspond to the assumption of a ‘‘broad 
line” exciting source on which the calculation is 
based. It is interesting to note that Olson, 
without introducing considerations of hfs, calcu- 
lated a value for the mean life 7 of the 6°P; state 
of 0.98 x 1077 sec., whereas when one takes into 
account hfs, his data appear to be in good accord 
with the value r= 1.08 X 1077 sec. 

The result of the calculation of the angle of 
maximum polarization, 6, as a function of the 
magnetic field in the case of mercury resonance 
radiation is given in Fig. 2, in which tan 286 is 
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plotted as a function of the magnetic field. The 
full curve gives the result of the present calcu- 
lation whereas the broken curve represents the 
results to be expected if mercury resonance 
radiation consisted of lines from the non-spin 
isotopes alone. Here again the difference between 
the two curves is probably within the limit of 
experimental error of present experiments. The 
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observations of von Keussler’ are represented by 
the squares on the diagram and it will be seen 
that the agreement is, in general, not good. The 
reason for the discrepancy is at present not clear. 
It should be pointed out that the value of +r 
obtained by von Keussler from these measure- 
ments was 1.13 10™ sec. 

Recently Mrozowski® has been able to excite 
individual hfs components of the mercury reso- 
nance line as resonance radiation, and to measure 
the angle of maximum polarization of this 
resonance radiation as a function of weak fields 
in the direction of observation. Two sets of 
experiments are of interest to us in these calcu- 
lations. He was able to excite as resonance 
radiation either (a) the 0.0 and +11.5 mA 
components together, or (b) the —25.4 mA 
component separately. The first two components 
are due to the non-spin isotopes (see Fig. 3) the 
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upper state of which shows g=3/2. The — 25.4 
mA component, on the other hand, is made up 
from components B and c from the isotopes of 
mass 199 and 201, respectively. The component 
cis, however, unpolarized under all circumstances 
and hence contributes nothing to the angle of 
maximum polarization. The upper state of the 
component B shows g=1. From Eq. (8), there- 
fore, a plot of tan 26 against H should yield 
straight lines for the case a and ), respectively. 
Furthermore, if the mean life 7 is the same for the 
two upper /fs states of the two isotopes, the ratio 
of the slopes of the straight lines obtained in the 
two cases should be that of their respective 
g-values of the upper states; namely, 3/2: 1. 
A plot of Mrozowski’s data does indeed yield 
straight lines for tan 2@ plotted against /7 and the 
ratio of the slopes of the two lines is 1.5 as 
expected. This would appear to be evidence in 


7V. von Keussler, Ann. d. Physik 82, 793 (1927). 
8S. Mrozowski, Bull. Acad. Pol. p. 491 (1930). 
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favor of the usual view that the mean life of any 
hfs state of any gross level j is the same for all 
such hfs states.° 

(b) Cadmium resonance radiation (X3261). A 
calculation similar to that for mercury resonance 
radiation has been made for the case of cadmium 
resonance radiation (A3261). The polarization of 
this line has already been calculated by Mitchell'® 
and Ellett and Larrick"! on the assumption that 
the line is made up of contributions from 
isotopes of even atomic weight (having no spin) 
and isotopes of odd atomic weight with a spin of 
1/2. Table II gives the values of Po(ga) and g,(a) 














TABLE II. 
: State 
(isotope, 7, ¢) Po( ga) £e(a) 
(even, 0, 1) 0.765 3/2 
(odd, 1/2, 1/2) 0.000 eee 
(odd, 1/2, 3/2) 0.102 1 








necessary for carrying out the calculations for the 
polarization P(//7) in weak magnetic fields paral- 
lel to the direction of observation. The values are 
computed for broad line excitation using the 
value of y=2.53 (the ratio of even to odd 
isotopes) given by Ellett and Larrick. By using 
the value r=2.5X10-° sec., as determined by 
Koenig and Ellett,’ the value of P(H) was 
computed as a function of the magnetic field //. 
The results of the calculation are given by the 
full curve of Fig. 4. The circles in the figure 
represent experimental points obtained by 
Solleillet® who used, however, unpolarized ex- 
citing light. Strictly speaking, experiments ob- 


® The value of the mean life of the 6°P, state obtained 
from these curves is 1.67X10~7 sec., not in agreement 
with other values. Such a discrepancy might arise if the 
value of the applied magnetic field was calculated from 
the current flowing in a coil of given dimensions. The 
actual field in the resonance tube might thus differ from 
that calculated by a constant multiplier. This would 
leave the ratio of the slopes of the two curves a and b 
the same but might account for the abnormally large 
calculated value of +. This point should certainly be 
tested. 

0 A. C. G. Mitchell, Phys. Rev. 38, 473 (1931). 

11 A, Ellett and L. Larrick, Phys. Rev. 39, 294 (1932). 

® Koenig and Ellett, Phys. Rev. 39, 576 (1931). 

'3 P, Solleillet, Comptes Rendus 185, 198 (1927); 187, 
212 (1928). 








892 


tained using unpolarized exciting light are not 
comparable with a theoretical curve based on the 
assumption of polarized exciting light. Un- 
fortunately, no data are available for the case in 
which polarized exciting light is used. 
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THE MEAN LIFE OF THE 7°S; STATE OF MERCURY 


If a mixture of nitrogen and mercury vapor is 
irradiated by the full spectrum of the mercury 
arc, the visible triplet (A4047, 4358, 5461) and 
diffuse triplet (A2967, 3131, 3663) of mercury, 
together with other mercury lines, are found to 
be emitted as fluorescence. A discussion of this 
effect and the method of calculating the degree of 
polarization of the lines for various orientations 
of electric vector of the exciting light and applied 
magnetic field are given in I. Because of the fact 
that the sum rule for intensities of the various 
hfs components was not correctly applied, the 
values of the polarization for the lines \4358, 
5461, 3131 and 3663, given in I are in error. 
When the sum rule is correctly applied, in order 
to obtain correct values of A,*#*(c), as explained 
in the introduction, the values of Po» given in 
Table III are obtained by the use of (4) and (5). 
These values are arrived at on the assumption 
that the incident light shows “broad line” 
characteristics and that it is polarized in a 











TABLE III. 
Polarization Mean Life 
Line Obs. Cale. 6(Obs.) 7 (Richter) — 7 (Calc.) 
4047 72+6 84.7. 17° 4.8xX10°% 7.2 x10 
4358 -—49+6 -—67.0 29° 4.6xX10° 1.69x10° 
5461 13+1 8.6 29.5° 1.7K107 1.53«10% 
2967 67+7 84.7 
3131 -—294+7 —67.0 
3663 42+4 8.6 








with its electric vector at right angles to the electric 
vector of the incident light 
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direction at right angles to the observation 
direction. The degree of polarization to be 
expected for other orientations of electric vector 
and magnetic field may be calculated from (5). 

Richter'* has made observations on the angle 
of maximum polarization @ for the various lines of 
the visible triplet for several different values of a 
magnetic field parallel to the direction of obser- 
vation. From these values of @ he attempted to 
calculate the value of the mean life of the 7%S, 
state giving rise to the three lines in question. 
With an applied magnetic field of 2.81 gauss and 
at a nitrogen pressure of 1.75 mm, he found the 
values of @ given in column 4 of Table III for the 
three lines in question. In making the calculation 
of the mean life of the upper state from the 
observed angle, he did not consider the effect 
of hyperfine structure. Furthermore, the formu- 
lae he used relating tan 2@ and 7 are incorrect. 
Moreover, there appears to be a mistake of a 
factor of 27 in the calculation since his formulae 
contain the quantity e///2rmc instead of e/7/mc 
usually occurring in such formulae. The values 
obtained by Richter are given in column 5 of 
Table III. 

With the angles @ given by Richter for the 
three lines \4047, 4358 and 5461, the value of + 
for the 7*S, state has been computed from Eqs. 
(8) and (9) by using the hyperfine structure data 
for the lines in question. The results of the 
calculation are given in column 6 of Table III. 
As might be expected, they do not agree with 
those calculated by Richter. 

One should point out here that Richter believed 
his results to be a confirmation of the results of 
Randall obtained by an entirely different 
method. Randall found that the mean life of the 
75S, state of mercury appears to depend on the 
line which is used to measure it. Richter’s 
calculation seemed to show that the value of the 
mean life of this state obtained from measure- 
ments on the line \5461 was four times as long 
as that obtained from measurements on \4047, 
and \4358 in agreement with Randall. The 
present calculation shows, however, that the 
values of 7, calculated by the present method, 
are no longer in agreement with those of Randall. 
Indeed, it appears, from the values given in the 


'E. F. Richter, Ann. d. Physik 7, 293 (1930). 
' R. H. Randall, Phys. Rev. 35, 1161 (1930). 
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table, that Richter’s measurements on the two 
lines 44358 and 5461 give equal mean lives for the 
7°S; state, while the measurement on the line 
\4047 leads to a value of the mean life about half 
as large as that obtained by measurements on the 
other two. 

At the present writing it seems futile to 
speculate on the meaning of the results obtained 
for the mean life of the 7*S, state of mercury. In 
the first place the values of the polarization 
obtained by Richter in zero magnetic field do not 
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agree with the theoretical values; and in the 
second, the effect of the nitrogen is a disturbing 
factor. The writer is repeating Richter’s experi- 
ments with an improved apparatus, and pre- 
liminary results on the polarization of the \4358 
line in zero magnetic field yield a value more 
nearly in agreement with the theoretical value 
than that obtained by Richter. It is to be hoped 
that these new experiments will help to clear up 
the perplexing difficulty of the mean life of the 
7*S, state of mercury. 
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Anomalies in Hyperfine Structure 
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The deviations from the interval rule in the hyperfine 
structure of two of the energy states in mercury can be 
explained satisfactorily as due to perturbations arising 
from their proximity. The forbidden line Hg I 2967.5 
(6s 6d 'D,.—6s 7p*Po) and its hyperfine structure are also 


explained by these perturbations. The hyperfine structure 
ascribed to the 3s 4f levels of ionized aluminum which has 
seemed to be in contradiction with the theory, can be 
shown to belong partially to the 3s ng levels and to come 
out in agreement with theoretical expectations. 





HE difficulties encountered in the interpre- 

tation of hyperfine structure can be divided 
into two classes. The first class contains those 
which are due to our lack of knowledge of 
nuclear structure. The main questions are why 
certain nuclei possess the observed mechanical 
and magnetic moments and why they cause the 
observed amount of isotope shift. The second 
class of difficulties is connected with the inter- 
action of the nucleus with the surrounding elec- 
trons. Assuming that the hyperfine structure is 
due to nuclear spin, the observed splitting of the 
levels does not always agree with this hypothesis. 
For example, the values of the nuclear magnetic 
moments calculated from different levels of the 
same atom were not always the same. Similar 
discrepancies seemed to exist for isotope shifts. 
It has been shown by various workers! that these 
difficulties do not mean that the hypothesis of 
nuclear spin is incorrect, but that they arise from 
neglect of important relativity corrections or 
from the approximate nature of certain numerical 
calculations. 

In two more or less isolated cases no satis- 
factory explanation of discrepancies has been 
given up to the present. They are a deviation 
from the interval rule for the hyperfine structure 
of a level in neutral mercury (Hg I) and a 
discrepancy in the magnitude and number of 
components of the hyperfine structure of a few 
levels in ionized aluminum (AI II). It is hoped 
that this paper will clarify these difficulties. 


* Alfred Lloyd Fellow. 

! Breit, Phys. Rev. 42, 348 (1932). Racah, Zeits. f. 
Physik 71, 431 (1931). Goudsmit, Phys. Rev. 43, 636 
(1933). 


MERCURY 


In Fig. 2 the crosses represent the 6s 6d, *D, 
and ‘Dz levels of Hg I with their hyperfine 
structure as given in the interpretation by 
Schiiler and his coworkers.? The isotopes of even 
atomic weight show no splitting up and also no 
observable isotope shift. The latter means that 
the isotope shift for initial and final levels of the 
investigated lines is practically the same, in 
agreement with expectations. Isotope 199 has a 
nuclear moment 3 and a negative g-value, 
isotope 201 has a moment 1} and a positive 
g-value. From other levels the ratio of the 
g-values is found to be g(199)/g(201)= — 2.70. 
Using this ratio and the interval rule one may 
find that the total hyperfine structure separation 
of a level of Hg'®® with J=1 is 1.01 times larger 
than that of Hg”. For levels with J=2 the 
total separation of Hg'*® is 0.90 times that of 
Hg!, 

Schiiler and Jones point out that the interval 
rule is violated in Hg”', the separation of the 
lowest two levels being too small. They notice 
moreover that the center of gravity of the 
hyperfine splitting of the odd isotopes does not 
coincide with the position of the levels for the 
even isotopes and that the ratio of the total 
separations is also in disagreement with ex- 
pectations. Schiiler and Jones ascribe these 
deviations to a mutual perturbation between 
these two neighboring levels, which causes an 
apparent repulsion between levels with the same 





2 See especially Schiiler and Jones, Zeits. f. Physik 77, 
801 (1932). 
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quantum number F. We shall show that this 
supposition is for the most part correct.’ 

The perturbation in this case is similar to a 
beginning Paschen-Back effect since the hyper- 
fine separation is of the same order as the distance 
between the two levels. It can be treated 
quantitatively in the same manner as the 
transition from one scheme of vector coupling to 
another. It is possible to write down simple 
expressions for the energy levels in the two 
extreme cases where the hyperfine structure is 
much smaller and where it is much larger than 
the distance between the two levels. This 
knowledge is sufficient to obtain the level pattern 
for all intermediate cases. We shall assume that 
the nuclear moment interacts with the 6s 
electron only and shall neglect its interaction 
with the 6d electron which is estimated to be 
more than a hundred times smaller. We shall 
also neglect perturbations due to levels farther 
away as it is too complicated to take them into 
account. Such perturbations are expected to be 
small but may perhaps explain why we do not 
find exact agreement between observed and 
calculated levels. 

The distance between the two levels in case 
there is no hyperfine structure is denoted by X 
and is found from the even isotopes to be 
approximately 3.0 cm~'. The exact value is not 
necessary for our purpose. The interaction of the 
nuclear moment with the 6s electron is of the 
form (1). 


E=AIs cos (J, s) (1) 


I and s are the nuclear spin and the spin of the s 
electron, respectively. From the hyperfine struc- 
ture of other states in Hg I it is found that A is 
approximately 1.20 cm~' for Hg!*® and —0.445 
for Hg”*!. 


’The perturbation in this case is not quite similar to 
that brought forward by Langer (Phys. Rev. 35, 649 
(1930) and applied by Russell and Shenstone (Phys. Rev. 
39, 415 (1932)) as was stated by Schiiler and Jones. In 
that case the perturbations arose from the large non- 
diagonal matrix elements in the electrostatic energy 
matrix. Here, rather, it is a change of coupling due to the 
close proximity of levels with different J values. This 
allows one to consider only F the total angular momentum 
as a constant of the motion, and no longer J. That it 
also causes a repulsion between levels of the same total 
quantum number is not particularly characteristic, as 
this is common to all quantum mechanical perturbations. 
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In order to use the sum relations two extreme 
cases will be considered, first with the ordinary 
multiplet structure large compared to the 
hyperfine structure (X>A) and second with 
the hyperfine structure large compared to the 
ordinary multiplet structure (X<A). In the 
latter case we shall pass to the limit and take 
X =0 which means (j, 7) coupling. By using the 
strict validity of the interval rule for X>A and 
the sum rule in passing from one extreme to 
the other, it is possible to find the energy values 
for the extreme cases. These energies, referred 
in each case to the largest F-value as zero, are 
given in Table I and plotted in Fig. 1. The 
two isotopes must, of course, be treated sepa- 
rately. In comparing Fig. 1 and Table I it must 
be noted that for Hg”, A is negative. 


TABLE I. Energies of *D, and 'D, in extreme 
coupling schemes, 

















Hg'® J=}3 AKX X=0 
F=2} E=0 E=0 reference level 
F=1} E’'=—3A E’=0 
E"” =X —iA E”=—A 
F=} E=X E=0 
Hg™! J=1} AKX X=0 
F=3} E=0 E=0 reference level 
F=2} E’'=—jA E’=0 
E" =X—{A E”=-2A 
F=1} E’'=—3A E’=0 
E"” =X—}3A E"”=-2A 
F=} E’'=—-3A E’'=0 
E”" =X-—-1iA E" =-2A 








TABLE II. Calculated and observed levels of 3D: and 'Do. 

















Hg Hg™ 

F calc. obs. F calc. obs. 
cal } 0.300 cm~ 0.329 cm™! | 2} 0.226 m=! 0.260 cm= 

™ 1} —0.051 —0.056 1} —0.055 —0.065 

4} —0.258 —0.260 

ae 23 0.300 0.301 ; 0.480 0.460 

- 1} —0.549 —0.559 1} 0.277 0.279 

24 —0.007 —0.022 

34 —0.337 —0.335 














The information given in Table I is sufficient 
to write down quadratic equations,‘ the roots of 
which will give the positions of the levels for any 
intermediate value of A and X. These equations 
are given in (2) and (3). 

*Goudsmit, Phys. Rev. 35, 1325 (1930). 
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Hg’® J=} 
F=2} E=0 
. (2) 
F=1} E?—(X—A)E-§XA=0 
F=1 E=X 


Center of gravity G=3X+3A 


Hg J=1} 

F=3} E=0 

F=2} E’-(X—-2A)E—-jXA=0 (3) 
F=1, E’—(X-—2A)E-—3}XA=0 

F=, FE*—(X—2A)E—~XA=0 


Center of gravity G=3X+]4A. 


The level schemes in Fig. 2 give the positions 
of the levels calculated from (2) and (3), taking 
X=3.0 cm™', A(199)=1.20 cm~! and thus from 
the known g ratio A(201)=—0.445 cm™'. The 
crosses indicate the observed positions of the 
levels. Not only is there good agreement within 
each isotope, but the relative position of the 
levels of the two odd isotopes and their relation 
to those of the even isotopes fits very well. The 
outside level scheme of the figure indicates the 
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Fic. 1. Positions of 6s 6d *D, and 'Dz» levels of Hg I for 
X> >A and for X =0. For convenience the distance X at 
the left is not drawn to scale. It should be much larger 
than it is drawn in the diagram. 
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hypothetical position of the levels calculated 
from Table I if there were no perturbation. The 
small discrepancies which remain may well be 
due to perturbations by other levels or perhaps 
may be attributed to some uncertainty in the 
measurements of the highly complicated line 
patterns. Table II gives the calculated and 
observed levels referred to the position of the 
even isotopes.® 

Perturbations of the type discussed here are 
always accoripanied by anomalies in intensities 
and the occurrence of ‘‘forbidden”’ transitions. In 
cases where there are only two levels of the same 
total quantum number F which perturb each 
other, the intensity change is given by a simple 
expression. Let 6 denote the displacement of the 
level from the ideal position which it would have 
had without the perturbations and let A be the 
distance of this level from the other one with the 
same quantum number F, also in the ideal case. 
Then the ratio of the intensity of the forbidden 
transition J, to that of the allowed one J, is 
given by (4) 


I,/I9=6/(A+58). (4) 


This can be derived by considering the secular 
determinant which gives rise to quadratic equa- 
tions like those given above. One must expect 
therefore that for the odd mercury isotopes, 
transitions can occur from 6s 6d 'D» to odd levels 
with J=0 and from *D, to odd levels with J=3. 
An example is the transition 'De—6s 7p *Po, 
\2967.5. Fig. 3 represents the expected transitions 
and indicates the intensities as obtained from 
(4). One sees that one can expect two or perhaps 
three components to have been observed. 
Cardaun® indeed gives two components 0.76 





5 Professor Breit has called our attention to the fact 
that our treatment of these mercury lines is really mathe- 
matically identical with the calculations of Casimir (Zeits. 
f. Physik 77, 811 (1932)). We believe, however, that our 
method is considerably simpler. Casimir concludes that 
there is grave disagreement bet ween theory and experiment 
because he considers only the ratio of the displacements 
from the ideal positions. This ratio is too sensitive to 
small errors to justify Casimir’s conclusion. He does not 
calculate the theoretical positions of the levels. Casimir’s 
calculations are connected with ours by observing that 
his quantity D={A. Using the values of A given above, 
Casimir’s formulas give the same final results as ours. 

® Cardaun, see Kayser and Konen, Vol. VII, page 674. 
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Fic. 2. Level diagram of 6s 6d*D, and 'D» of Hg I 
calculated with and without perturbation. The crosses 
indicate the observed levels. The distance *D,—'D» is 
drawn about half its actual size, for convenience. 


cm~'. apart. Wendt’ also has observed two 
components (Av=0.70), but his reproduction 
shows clearly that the one with larger frequency 
is broadened. 


ALUMINUM 


In his work on the classification of the spectrum 
of ionized aluminum Paschen*® found that the 
3s 4f °F, *F3, *F. and 'F; levels show hyperfine 
structure in combination with higher members of 
the 3s ng series. Since the separations were all 

7 Wendt, Ann. d. Physik 37, 545 (1912). 


§ Paschen, Ann. d. Physik 71, 537 (1923). See also 
Sawyer and Paschen, Ann. d. Physik 84, 1 (1927). 
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nearly the same the structure was attributed to 
the hyperfine structure of the 3s 4f levels alone. 
This hyperfine structure was at first entirely 
impossible to understand as no other levels in 
Al II were known to show any separation. 
Recently, however, Ritschl® has discovered the 
presence of hyperfine structure in other levels of 
Al II and Al I and has determined the nuclear 
spin to be }. From the hyperfine structure found 
by Ritschl one can conclude that the 3s 4f levels 
must have a hyperfine structure of the order of 
magnitude of that assigned by Paschen. Never- 
theless this structure is in disagreement with the 
theory and fails to explain why the 3s 4f terms do 
not show the same hyperfine structure in other 
combinations. In Al II the hyperfine structure is 
caused almost entirely by the deeply penetrating 
3s electron present in most of the electron 
configurations. In such a case one expects 


Eq. (5) to hold." 
A =}a(g—1). (S) 


A is the separation factor for a given level and a 
that of the s electron. This expression is strictly 
valid only for Russell-Saunders coupling, g 
being the Landé g-factor. The total width of the 
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Fic. 3. Calculated structure of the forbidden line \2967.5 
(6s 6d 'D2—6s 7p*Po) of Hg I. 


® Ritschl, Nature 131, 58 (1933). 
10 Goudsmit and Bacher, Phys. Rev. 34, 1501 (1929). 
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splitting of the 3s 4f levels should be therefore 
3F,:9a/20, *F; : 7a/48, *F,: —5a/12, 'F3 :0. 


The observed hyperfine structures are 0.10, 0.49, 
0.25, 0.49 cm~!. The value for a derived from 
Ritschl’s data is about a=0.50 cm™~ and one 
would expect therefore 


3F, : 0.23, °F; : 0.07, *F2 : —0.21, 'Fs :0 cm. 


Though the levels of the 3s nf series in aluminum 
are greatly perturbed by other levels, these per- 
turbations cannot be the reason for the irregu- 
larities in the hyperfine structure of the 3s 4f 
state. The perturbing states do not contain a 3s 
electron and possess themselves no appreciable 
hyperfine structure. 

The discrepancy can be removed entirely if one 
considers first that the 3s ng states also must 
possess a hyperfine splitting due to the 3s 
electron. The data indicate the interesting fact 
that for these states the hyperfine structure is 
larger than the multiplet splitting of the *G as 
well as the singlet triplet distance from °G to 'G. 
We have here an extreme coupling in which the 
nuclear spin is more strongly coupled to the 3s 
electron than the latter is to the g-electron. The 
hyperfine structure in this case will be that of the 
3s electron, as if the g-electron were absent, and 
will thus be equal to a. The upper part of Fig. 4 
gives the level scheme for this case. It will be the 
same for all higher members of the 3s ng series. 

Special attention must be given to the selection 
and intensity rules for the transition from this 
extreme coupling to the other extreme of the 
F-states. Though it is possible to set up the 
intensity formulas, we believe that it is not 
necessary for this case to go into such complicated 
derivations. We shall restrict ourselves to simple 
correspondence considerations to find out which 
transitions will be strongest. In both extreme 
couplings the interaction between the orbit of the 
electron which makes the transition and the 
nuclear spin as well as that between the orbit and 
s-electron will be negligible compared to the 
other interactions. Therefore only such transi- 
tions may occur in which the position of the spin 
of the s-electron with respect to the nuclear spin 
is not altered. In the upper level of the G-state 
these spins are parallel, in the lower they are 
opposite. For the upper hyperfine levels of *F; 
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Fic. 4. Interpretation of hyerpfine structure of the tran- 
sitions 3s ng—3s 4f in Al II. 


and *F, they are also parallel and these levels will 
therefore combine principally with the upper of 
the G-levels. The same reasoning shows that the 
lower G-level gives transitions to the lowest 
levels of *F; and *F, as shown in Fig. 4. For the 
other states nothing can be said with certainty 
from such simple considerations, but because of 
the fact that the *F; and 'F; separations are 
expected to be so small, only two lines are 
observed anyway. For the relative intensity of 
the lines which are found, one would expect, 
from the intensity sum rules looking only at the 
lower levels *F, and *F2, that those lines to the 
F=4} and F= 2} would be stronger. For *F; and 
'F; there is no criterion of this sort from the 
lower levels but it might be expected that the 
stronger components will be those to the upper G 
state as it has greater degeneracy. For the 
transition to *F; it will thus be the component of 
smallest frequency, for the others it will be that 
of largest frequency. 

These considerations together with the ex- 
pectation that the 'F; should have no observable 
hyperfine structure leads to the interpretation 
of the observations given in Fig. 4. The 3s ng 
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states are split up into two unresolvable groups 
about 0.50 cm™! apart. The separations of the 3s 
4f *F,, *F3, *F, and 'F3; are about 0.37, ~0, 
—0.25, and 0 cm“, respectively. The separation 
of the *F, state is still considerably larger than 
expected, but this may well be due to the 
approximate nature of our considerations in 
which we neglect entirely a possible further 
splitting of the 3s ng states. 

In support of this interpretation it can be said 
that the hyperfine structure has only been 
resolved in the transitions from the 3s 8g, 3s 9g 
and 3s 10g levels. The 3s 7g shows a further 
splitting up which causes the pattern to become 
too complicated and the lines are not resolved 
but denoted as ‘“‘diffuse.”” The value obtained for 
a is furthermore in good agreement with that 
from the preliminary data of Ritschl. 


APPENDIX 


Since this paper was written, an article by 
Professor F. Paschen'! has been received in 


11 Paschen, Sitz. Ber. Preuss. Akad. 1932. 
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which he treats qualitatively some of the 
questions considered here and which contains 
valuable new data on aluminum. He points out 
that the forbidden transition 6s 6d 'D.— 6s 7p*Po, 
2967.5, in Hg I is due to hyperfine structure 
perturbations similar to a Paschen-Back effect 
and should occur only for the odd isotopes. 
Furthermore Professor Paschen discusses again 
the hyperfine structure of the 3s 4f levels in Al IT 
and shows that his previous interpretation must 
be altered in order to take into account the 
hyperfine structure of the 3s ng series, which he 
finds to be larger than the ordinary multiplet 
structure and singlet-triplet distance. 

The results of Professor Paschen on Al II do 
not quite agree with those given here, as he 
supposes the separation of the 6s ng levels to be 
0.35 cm~'. For the forbidden transitions in 
mercury it might be mentioned that the lines 
6s 7d ‘Dz and 6s 8d 'D.— 6s 7p *Po, 2536.04 and 
2379.46 are difficult to explain since for these 
levels the perturbations are much smaller than 
for 6s 6d. 
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Fine Structure of Electron Diffraction Beams from a Gold Crystal and from a Silver 
Film on a Gold Crystal 


H. E. FARNsworTH, Brown University 
(Received March 31, 1933) 


A study of the diffraction of low-speed electrons from a 
gold crystal has been made under the same conditions as 
those previously used for a silver crystal to determine the 
extent to which the previously observed fine structure 
characteristics depend on the nature of the atoms com- 
posing the crystal. For normal incidence there are many 
differences in the positions, structure, and relative in- 
tensities of the corresponding beams from the two crystals. 
Intensity measurements as a function of angle of incidence 
show some similarities in these characteristics for the two 
crystals, but there are many more differences. Results for 
a thin silver film on a gold crystal are in general the same 
as those for a massive silver crystal so that the different 


results for the two crystals appear to be real and not due 
to differences in surface irregularities. Differences are 
noted in the deviations from the surface grating formula 
during growth and decay of diffraction beams from the 
gold crystal and from the silver film on the gold crystal. 
This makes it appear unlikely that the number of atom 
lines in the elementary grating is the only determining 
factor. Beams which deviate from the surface grating 
formula may follow one of two depth grating formulas. 
Some dependence of this characteristic on angle of inci- 
dence is noted. Since no beams characteristic of a surface 
gas lattice on the gold crystal were observed when gas was 
known to be present, the gas layer must be noncrystalline. 





INTRODUCTION 


XPERIMENTAL results reported in a re- 

cent paper! showed that for a silver crystal 
the number of experimental maxima in the low- 
voltage range is considerably greater than that 
to be expected from simple theory; and further 
that these additional maxima may, in general, be 
grouped as components of fine structure of the 
main diffraction beams. It was pointed out that a 
comparison of results for silver and gold crystals 
should be of value in determining the cause of 
this fine structure since the lattice constants of 
these crystals are the same to within 0.4 percent 
and both lattices are face-centered cubic. Thus a 
possible dependence of the fine structure on the 
lattice constant of the crystal should not be 
responsible for any appreciable differences in the 
characteristics of the corresponding diffraction 
beams from the two crystals, and hence any 
remaining differences must result from the 
different types of atoms. 

The apparatus and method of procedure are 
the same as that described in detail in the former 
paper. In the investigations of a silver crystal 
two different experimental procedures were used. 
In one of them the characteristics of the diffrac- 


1H. E. Farnsworth, Phys. Rev. 40, 684 (1932). 


tion beams were obtained as a function of 
primary voltage and angle of incidence which 
varied from zero (measured from the normal) to 
several degrees either side of the normal. The 
diffraction beams correspond to reflections from 
various sets of atomic planes in the crystal not 
including the one parallel to the crystal face. The 
other procedure was that of regular reflection 
from the set of planes parallel to the crystal face 
and with angles of incidence other than normal. 
This is the same as that used by Davisson and 
Germer® when they observed what they called 
“anomalous dispersion.”” In the present experi- 
ments only the first procedure was used since it is 
possible with the results of this method to 
associate the fine structure characteristics with 
the individual diffraction beams with greater 
certainty. 


EXPERIMENTS WITH A GOLD CRYSTAL 


Preparation of crystal 


The crystal was made from proof gold of 
purity 0.99995 obtained from the U. S. Mint. 
The method was the same as that used for making 
copper and silver crystals.' The dimensions and 


?C. Davisson and L. H. Germer, Proc. Nat. Acad. 14, 
619 (1928). 
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STRUCTURE OF ELECTRON DIFFRACTION 901 
TABLE I. Diffraction beams for normal incidence. 
Silver Lattice Gold Lattice 
Beam Plane Uncor- Theo- Uncor- 
and of re- Experi- Theo- Voltage corrected Experi- retical Voltage rected 
order flec- mental retical differ- relative mental voltage differ- relative 
numbers* tion voltage voltage ence intensity voltage V=150/x ence intensity 
(100) Azimuth (100) Azimuth 
1-1 (210) 46.1 56.3 10.2 100 58.0 56.8 —1.2 100 
1-1 (210) 55 78 
2-1 (310) 75.7 3.5 
2-1 (310) 93.5 100.2 6.7 5 101.5 100.9 —0.6 23 
3-1 (410) 141.0 162.8 21.8 21 136.0 164.0 28.0 17 
4-1 (510) 229.5 243.8 14.3 7 247.0 245.6 —14 21 
5-1 (610) 335.5 343.0 7.5 6 
1-2 (320) 152.5 169.3 16.8 4 171.0 170.5 —0.5 4 
2-2 2(210) 206.5 225.4 18.9 19 191.0 227.1 36.1 9 
3-2 (520) 280.5 303.3 22.8 7 303.0 305.5 2.5 11 
(111) Azimuth (111) Azimuth 
1-1 (311) 20 22 
1-1 (311) 27 35 27.5 73 
1-1 (311) 34.0 30.3 —3.7 70 32.0 30.5 —1.5 86 
2-1 (511) 56.0 65.7 9.7 78 55.0 39 
2-1 (511) 62.0 70 64.0 66.2 2.2 48 
3-1 (711) 115.0 119.6 4.6 16 117.0 120.5 3.5 22 
4-1 (911) 168.3 191.7 23.4 4 
4-1 (911) 175.5 3.5 
1-2 (211) 70.0 26 
1-2 (211) 77.5 81.1 3.6 9 78.5 81.7 3.2 29 
2-2 2(311) 112.5 121.2 8.7 16 120.0 122.1 2.1 8 
3-2 (411) 158.5 182.6 24.1 9 163.0 183.9 20.9 15 
3-2 (411) 173.0 6 
4-2 2(511) 250.5 262.9 12.4 9 256.0 264.8 8.8 11 
* The notation is the same as that in Table I of former article.' 
mounting of the single crystal piece used in the but the differences. between theoretical and 


experimental tube were also the same as those 
for the previous experiments with copper and 
silver. The surface to be studied was cut parallel 
to a (100) set of planes, and mounted so that it 
could be rotated about an axis perpendicular 
to the (100) azimuth as in the case of one of the 
silver crystals. A smooth etched surface parallel 
to the (100) set of planes is much more difficult to 
obtain on a gold crystal than on silver. The face 
was etched in potassium cyanide dissolved in 
hydrogen peroxide. The solution was renewed 
every few minutes until the desired etching was 
obtained. Aqua regia was found to etch only 
parallel to (111) planes. 


Diffraction beams for normal incidence 


Table I shows the positions and relative 
intensities of the beams for normal incidence. 
The corresponding results for a silver crystal are 
included for comparison. When there are more 
than one component they are listed separately, 


experimental voltages are given for only the 
strongest component of each beam. There is no 
close correspondence in the relative intensities of 
the corresponding diffraction beams from the 
two crystals. 

Curves showing the growth and decay of some 
first and second order beams in the (100) azimuth 
of a gold crystal are shown in the upper part of 
Fig. 1. These curves were obtained by varying 
the primary voltage in small steps, and measuring 
the current to the Faraday collector, whose 
angular position was adjusted for the maximum 
of the beam at each reading, while the total 
primary current was held constant for the entire 
set of observations. The corresponding curves 
for a silver crystal are shown directly beneath 
those for gold. 

From these results it is clear that there are 
many differences in the positions, structure and 
relative intensities of the corresponding beams 
from the two crystals for normal incidence. 
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Fic. 1. Curves showing maximum deflection as a function of primary voltage for a gold crystal (Au), a silver crystal 
(Ag), and a silver film on a gold crystal (F). The colatitude angle is adjusted for maximum deflection for all points 
of the curves. Arrows indicate positions of theoretical beams for refractive index of unity. 


Gas beams for gold 

A search was made for beams due to a surface 
gas lattice at positions corresponding to half- 
order reflections but none was found even when 
the crystal surface was known to be covered 
with a considerable layer of gas, the presence of 
which results in a decrease of the intensity of the 
diffraction beams characteristic of the gold 
lattice. Thus gas does not always form in a 
simple lattice on the surface of a single crystal as 
it does in the cases of copper, silver and nickel. 


Intensity measurements as a function of angle of 
incidence 
Fig. 2 shows the relative intensities of various 
beam components as a function of angle of 
incidence. These curves were obtained by the 
same method as that previously used for silver 


crystals' and are to be compared with the curves 
for the corresponding beams from a silver 
crystal reproduced in Fig. 3 for comparison. 
This comparison of the curves for the corre- 
sponding beams from the gold and silver crystals 
shows both similarities and differences. Taking 
the ist beam, 1st order, corresponding to 
reflection from the (210) set of planes, we note 
that there are four components in each case with 
considerable similarity in their distribution in 
angle of incidence. However, the voltages of the 
strongest component in the two cases are notice- 
ably different. For the 2nd beam, ist order, we 
also note the similarity that both of the strongest 
components increase rapidly as the angle of 
incidence varies from zero to negative values. 
However, many more weaker components of this 
beam were observed for silver than for gold. In 
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F 1G. 2. Results for a gold crystal. The curves show relative intensities of beam com- 
ponents as a function of angle of incidence for the (100) azimuth (uncorrected for back- 
ground scattering). Plane of reflection is in the (100) azimuth. Designation of beam 3-2 
signifies third beam in the second order as per notation in Table I. Values of corrected 


voltages are given for several of the points. 


the case of the 3rd beam, 1st order, there appears 
to be no correspondence for the two crystals. 
The number of components for the silver crystal 
is much the greater and the few components for 
the gold crystal do not closely resemble any of 
those for silver. Comparisons of three beams in 
the second order show no close resemblance. In 
each case the number, position, and form of the 
components are different. 


EXPERIMENTS WITH A SILVER FILM 
GoLp CRYSTAL 


ON A 


Although there are some similarities in the 
above characteristics for gold and silver crystals, 
the results show many differences. In comparing 
such characteristics for crystals of different 
substances it is essential to eliminate possible 
surface effects which may introduce differences 
apparently characteristic of the substance com- 


posing the crystal. By considering various surface 
irregularities it is possible to account for certain 
additional maxima, as recently discussed by 
Rupp.’® The etched surface of the gold crystal 
was known to be much more irregular than that 
of the silver crystal, and it is natural to suppose 
that the nature of the irregularities, the size of 
the elementary lattices, and the mosaic structure 
of the two crystals may be quite different. 
However, a thin film of silver deposited on the 
surface of a gold crystal may be expected to 
possess the same irregularities and roughness as 
the underlying crystal, and consequently the 
corresponding results for such a silver film 
should furnish the desired information. 

To carry out such measurements, the experi- 
mental tube was so altered that silver could be 
deposited on the gold crystal by evaporation in a 


3E. Rupp, Ann. d. Physik 13, 101 (1932). 
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Fic. 3. Results for a silver crystal corresponding to those for a gold crystal shown in 
Fig. 2 with the same notation. 


high vacuum and measurements were taken on 
the film immediately following the deposit. 
This was accomplished by withdrawing the gold 
crystal into a side tube where the front face was 
exposed to silver vapor coming from a pure silver 
mass held at dull red heat by electron bom- 
bardment from the rear. The usual order of 
procedure was to outgas the silver mass at red 
heat with the gold crystal concealed. The gold 
crystal was then outgassed at red heat, after 
which it was placed four or five cm from the dull 
red silver for from 1 to 10 min. The process was 
repeated several times by evaporating off the 
film on the gold crystal and then redepositing, 
with the same experimental results. The silver 
film forms in a crystalline structure whose 
orientation is determined by that of the under- 
lying gold crystal. The film thicknesses were not 
known but were too thin to be visible. 

The lower curves in Fig. 1 show the results 
obtained in the (100) azimuth for a silver film on 


a gold crystal when using normal incidence. As 
for the case of the other curves in the figure, we 
are plotting the maximum deflection of the 
beams for various voltages, the collector angle 
being adjusted for each reading. The arrows 
indicate the theoretical positions of the beams. 
The first four beams of the ist order, and the 
first three beams of the 2nd order are shown. 
The relative intensities and positions of the 
beams are quite different for the silver and gold 
crystals. It is seen that the results for a silver 
film are quite closely in accord with those for a 
silver crystal, the chief difference being in the 1st 
beam, ist order. For silver, this beam has two 
components, the low voltage one being more 
intense, while for the silver film there is an’ 
indication of a second component with the 
higher voltage one being much more intense. 
The voltage for this component is also approxi- 
mately the same as that for the corresponding 
beam from the gold crystal. There is also some 
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difference in the 3rd beams of the 2nd order, but 
in general it is clear that the results for the film 
are very nearly in accord with those for a massive 
silver crystal. Observations on the film were also 
taken for various angles of incidence and curves 
plotted similar to those in Figs. 2 and 3 for 
several beams. These curves are not shown but 
were found to be closely in accord with those for 
the silver crystal. In particular, the complicated 
structure of the 3rd beam, ist order, for the 
silver crystal was accurately reproduced for the 
silver film. Hence the differences between the 
results for silver and gold crystals appear to be 
real and not due to differences in irregularities of 
a secondary nature. Further results are required 
to determine the cause for the above-mentioned 
differences in the results for the film and for the 
silver crystal. In particular, measurements on 
thinner films of known thickness should be of 
value. 
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Deviations from the surface grating formula 

It was first observed by Davisson and Germer 
that, during the growth and decay of a particular 
diffraction beam, the variation of the colatitude 
angle with the primary voltage was not in general 
such as to keep V! sin@ constant as is required 
by the plane grating formula. This condition was 
found to obtain best for the lowest voltage beams 
and not at all for higher voltage beams. This was 
interpreted to mean that the diffracting system 
was not a single lattice, but a collection of many 
small lattices of not more than five or ten atom 
lines in width, similarly oriented, but otherwise 
unrelated. 

Fig. 4 shows a plot of sin @ against (150/V)!. 
The straight lines are surface grating lines given 
by m\=(a/2) sin ¢, and the curved lines are 
depth grating lines given by msA=a/2+a/2! 
cos (¢+45°), and m;\=a/2(1+ cos ¢). The rows 
of atoms corresponding to the various grating 
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Fic. 4. Plots of sin @ against \=(150/1’)!. ¢=colatitude angle measured from the normal. @=angle of incidence 
of primary beam. The points are experimental observations, and the arrows indicate which ones correspond to maxima. 
The lines are obtained from grating formulas obtained by considering the corresponding rows of atoms as indicated 
in the lower right_corner. 
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formulas are indicated in the lower right corner 
of the figure. Experimental points are given not 
only for voltages corresponding to maximum 
intensities, but at small voltage intervals over the 
range for which the beams can be detected 
during their growth and decay. It is seen that in 
general the surface grating formula is more 
nearly followed for the low-voltage beams, while 
a depth grating formula is a better approximation 
for the higher-voltage beams. But, in addition, it 
is to be noted that while the 3rd beam, 1st order, 
(3-1), follows the depth grating for the gold 
crystal, this beam follows the surface grating for 
both the silver crystal and the silver film on the 
gold crystal. Hence, if we grant that the grating 
irregularities and consequently the number of 
lines in the diffracting lattices are the same for 
the gold crystal and the silver film on the gold 
crystal, it appears necessary to conclude that 
some other factor is responsible for the difference 
in the behavior of this beam in the case of gold 
and silver crystals. One possibility is that the 
deviations from the surface grating formula 
result from the same mechanism as the fine 
structure of the diffraction beams. If this is the 
case there should be some correlation between 
fine structure and deviation from the surface 
grating formula. Both have been found to change 
with changes in the angle of incidence, but 
changes in fine structure characteristics are 
not always accompanied by changes in the 
deviation from the surface grating formula. 

The two sets of curves at the right in Fig. 4 
show the results for two different angles of 
incidence in the case of the (100) face of a 
silver crystal. It is to be noted that the experi- 
mental points for some of the beams follow one 
grating formula for one angle of incidence and a 
different grating formula for another angle of 
incidence. This is, however, not true for all of 
the beams. It is also seen that some of the 
experimental points for a beam may follow one 
grating formula while the remainder of the 
points for the same beam may follow another 
grating formula. These results suggest that under 
certain conditions some one direction in the 
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crystal is more effective in producing constructive 
interference than other directions, a condition 
which might be realized by an unsymmetrical 
distribution of the potential in the outer regions 
of the atoms. One must, however, not overlook 
the possibility that if a portion of the surface is 
etched parallel to a set of atomic planes other 
than the one coinciding with the geometric 
boundary, this may be expected to cause the 
portions of the beam reflected from this surface 
to follow a grating formula for this surface.‘ 
But, it is not easy to see why all of the diffraction 
beams should not be equally affected. From the 
observations available this view does not appear 
sufficient to account for all of these charac- 
teristics. More observations are being made on 
this point. 

The results of this investigation clearly show 
that the fine structure of the diffraction beams 
are determined at least to some extent by the 
nature of the atoms composing the crystal. It 
would seem that an extension of Morse’s treat- 
ment® with fewer approximations is required to 
account for these results. 

The purchase of the gold and some of the 
apparatus was made possible by a Grant-in-Aid 
from the National Research Council. 

Messrs. K. P. Page and E. C. Bray have aided 
in taking the numerous observations. 

Note added in proof: W. T. Sproull has now 
published a more detailed account of his investi- 
gation than that referred to above, and the 
writer is submitting some comments in a separate 
communication. 





*W. T. Sproull has recently reported results [Phys. Rev. 
42, 904 (1932) ] from the (112) surface plane of a tungsten 
crystal. In the azimuth perpendicular to the cube diagonals 
beams which obey a depth grating formula corresponding 
to rows of atoms in the (011) plane were found at every 
primary voltage tried. In all probability this is because 
the etched surface facets of the crystal are parallel to the 
(011) plane rather than the (112) plane. Etching parallel 
to the more densely populated (011) plane would result 
from evaporation by prolonged heat treatment even 
though the etched surface was originally parallel to the 
(112) plane. This, of course, must be taken into account 
in evaluating the inner potential from such observations. 

5 P. M. Morse, Phys. Rev. 35, 1310 (1930). 




















JUNE 1, 1933 


PHYSICAL 


REVIEW VOLUME 43 


On a Possible Explanation of Superconductivity 


J. FRENKEL, Physics Technical Institute, Leningrad, U. S. S R. 
(Received December 27, 1932) 


An attempt is made to explain the phenomenon of 
superconductivity by taking into account the electro- 
magnetic (inductive) forces which the electrons exert on 
each other when they move in an organized way. These 
forces stabilize the motion against the perturbations due 


to the thermal agitation of the crystal lattice. They can 
also entail a decrease of energy which may explain the 
thermodynamic stability of the superconducting state at 
low temperatures. The theory is not carried to the point 
of numerical calculation. 





INTRODUCTION 


HERE have been many attempts—all of 

them unsuccessful—to give an explanation 
of the phenomenon of superconductivity with the 
help of wave mechanics applied to the usual 
model of conduction electrons in a metal. The 
failure of these attempts can be due either to the 
incorrectness of the model (which is after all a 
refinement of the model of an electron gas), or to 
a neglect of some type of force which under 
certain conditions may become _ important. 
Kronig! has recently proposed replacing the 
electron gas model by that of a rigid electron 
lattice, an idea advanced long ago by J. J. 
Thomson and Lindemann without the notion 
that it can be made responsible for super- 
conductivity, which vanishes when the lattice is 
melted or vaporized (at the transition tem- 
perature). 

I wish to point to the possibility of a different 
issue, which consists in taking into account the 
electromagnetic (inductive) forces between the 
electrons. These forces have been totally neg- 
lected hitherto in the electron theory of metals 
(appearing in macroscopic phenomena only); it 
is possible however, at least in principle, to trace 
the phenomenon of superconduction to the action 
of these forces without abandoning the gas 
model—just as it has been possible to explain 
certain atomic phenomena which were beyond 
Bohr’s theory not by a change of Bohr’s model of 
the atom, but by taking into account the 
electromagnetic effects of the electron spin. 


1 R. de L. Kronig, Zeits. f. Physik 78, 744 (1932). 


I, 


Let us imagine a large number N of electrons 
all moving in exactly the same way. If their 
distances apart (ri; 7, R=1, 2, ---N) are small, 
the kinetic energy of the system will not simply 
be equal to the sum of the kinetic energies of the 
separate electrons, >K;: there will be in addition 
what may be called the “‘mutual kinetic energy” 
of the different electrons, corresponding to their 
mutual induction. It is just this energy (and not 
the relatively insignificant sum of individual 
kinetic energies corresponding to drift motion 
which is represented as the magnetic energy of an 
electric current, {H?dV/8x. The mutual kinetic 
energy of two electrons, 7 and k, is equal, roughly 
speaking, to e’v*/c*ri,.; i.e., to v?/c? times their 
electrostatic energy, where v is the (common) 
velocity of motion.” The total value of the mutual 
kinetic energy can be obtained by multiplying 
the average value of this expression for different 
pairs of electrons by N(N—1)/2, or approxi- 
mately N?/2, and can be written accordingly in 
the form: K’=N*e’y?/2c?r where 1/r is the 
average value of 1/rj,. The sum of the individual 
energies of the electrons K®°= Nmv*/2 can be 


? In order to avoid misunderstanding, it may be men- 
tioned that the smallness of the electromagnetic energy as 
compared with the electrostatic energy e?/r of the electrons 
alone need not mean that the former is unimportant and 
should be neglected. In fact, the electrostatic mutual 
energy of the electrons is compensated (and even over- 
compensated) by their electric energy with respect to the 
positive ions. The situation here is quite similar to that 
which is met with in the ordinary theory of the mutual 
action of electrical currents in material circuits, where the 
electrostatic forces may be entirely left out of account. 
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written in a similar form if we replace the mass 
m by e*/c’a where a is the “‘radius”’ of an electron. 


The ratio 
K'/K®°=Na/r, (1) 


can thus become very large for sufficiently large 
values of N, so that finally K® can be neglected 
compared with K’ (which is precisely the case 
with macroscopic phenomena). It should be 
mentioned that the distance r is itself a function 
of N; if the average distance between the 
neighboring electrons is fixed, as for instance in 
the case of a metallic body, we can put approxi- 
mately r=6N! (identifying 6 with the lattice 
constant) and consequently 


K'/K®= Nia/é. (1a) 


Il. 


To the magnetic—or rather electromagnetic— 
mutual action of the electrons there is associated, 
with the energy K’, an additional momentum G’ 
which is given by the expression 

G’ = Yieo/Crin. 2Ne*v/er (2) 
i, k 
so that 


K'=G'0/2. (2a) 


This expression can be derived from the familiar 
expression p;=mv,;—eA;/c for the total mo- 
mentum of an electron 7 moving in an electro- 
magnetic field with a vector potential Aj, in 
connection with the formula 


A; a —- View /crix. 
b+é 
The ratio of G’ to the sum G°=Nmv of the 
individual momenta of the electrons under con- 
sideration is equal to the ratio K’/K°®. 

Let us imagine a crowd of electrons moving in 
the same way (i.e., as a rigid system) through the 
crystal lattice of a metal. Because of the electro- 
magnetic mutual-action of the electrons—or 
to put it in other words, of their mutual induction 
—they must have an abnormally high inertia, so 
that the motion of each electron will be affected 
by an external perturbation—such as the heat 
motion of the lattice, for example—to a much 
smaller degree than in case it moved alone with 
the same velocity. Indeed, if an electron is 
knocked out of the crowd, coming to rest, for 
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instance, the resulting change of the total 
momentum of the whole crowd will not be equal 
to the individual mv of this electron; there will be, 
in addition, the term m’v = Gy’ — Gy_;' = 2Ne’v/c*r, 
representing the contribution due to the mutual 
action of the electron in question with all of the 
other N—1 electrons, m’ being the additional 
“electromagnetic mass.’’ Now for sufficiently 
large values of N this collective term will be very 
large compared with mv (their ratio being 
obviously equal to 2K’/K®=2Na/r). So long, 
therefore, as the electrons in a metal move 
collectively as an organized crowd of sufficiently 
large size, their motion can remain unaffected by 
the heat motion of the crystal lattice, the energy 
and momentum quanta of the heat waves being 
insufficient to knock out even a single electron. 

At first sight it may seem that the above 
argument implies a contradiction. For so long as 
all of the electrons with the exception of the one 
under consideration preserve their state of motion 
they will produce a constant magnetic field, and 
will therefore contribute nothing to the inertia 
(mass) of the single electron which is stopped. 
Thus it would seem that the work done in 
accelerating the electrons one after the other is 
less than when they are accelerated simul- 
taneously, which obviously would be incorrect. 
The fallacy of this objection lies in the fact that it 
does not take into account the energy or mo- 
mentum which is transferred owing to the 
electromagnetic impulse of the electron in ques- 
tion (i.e., the one which is stopped) on the 
remainder. If the other electrons were allowed to 
change their state of motion, they would be 
accelerated; if they are not accelerated they 
must transfer the energy and momentum re- 
ceived to the crystal lattice. This amounts to 
saying that in the act of being stopped the 
electron pushes the crystal lattice forward, and 
consequently must get an additional backward 
impulse from it, this impulse being equivalent 
to the additional electromagnetic momentum 
which is thus indirectly revealed. 

One might argue further that it is not necessary 
to consider transitions in which an electron is 
completely stopped, but only transitions in which 
its momentum is but slightly decreased, for 
which the momentum of the heat waves should 
suffice. In fact, the total impulse, p, of each 
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electron is quantized in the same way for the 
case in which the electromagnetic interaction is 
considered, as in the case when such interaction is 
neglected, the quantum steps Ap being the same 
in both cases. (See Section IV.) It follows by a 
consistent application of Pauli’s principle, how- 
ever, that only such effective transitions can 
occur as correspond to a change of energy or 
momentum of the order of magnitude of the 
largest existing at the absolute zero of tempera- 
ture. 

If we compare an organized motion of the 
above type with a disorganized motion having 
the same total energy we find that the total 
momentum will be larger in the former than in 
the latter case. Denoting by vg the velocity of the 
disorganized motion (constituted, say, by one- 
half of the electrons moving in one direction and 
the other half in the opposite direction) we have 
from the condition 


Nmv,?/2 ~ (Nmv?/2) + (Nev? /2c?r) = Ne"? /2c?r, 


va/v =(Na/r)'= N*(a/8)}, 


which corresponds to the following ratio of the 
momenta 


Ga/G = Nmvq/(N*e*v/cer) = N-*(a/5)-3. 


This ratio is smaller than / if N is larger than 10’, 
corresponding to linear dimensions of the order 
of 10-* cm. 

It should be emphasized that by an organized 
motion we do not mean the drift motion con- 
stituting an electric current under ordinary con- 
ditions. The velocity of such a drift motion is 
usually very small compared with the individual 
velocities of the separate electrons, these indi- 
vidual velocities having practically random 
directions. 


Ill. 


The preceding considerations seem to suffice 
for the explanation of superconductivity if we 
assume that for some reason all of the electrons 
in a crystal lattice move—in the absence of any 
electric field—in an organized manner, the 
electric field applied for a moment serving simply 
to determine the otherwise arbitrary direction of 
motion. 
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This assumption obviously implies that under 
certain conditions the state corresponding to 
such an organized motion, that is, to a non- 
vanishing electric current, should have a smaller 
energy—or more exactly, free energy—than the 
ordinary state giving no resultant current.® 
Granting that the energy W. of the ‘‘collec- 
tivized”’ state is lower than that of the ‘‘indi- 
vidualized”’ state, W;, the former must prevail at 
and near the absolute zero of temperature. On 
the other hand, it is clear that the entropy of the 
collectivized state, S., must be smaller than that 
of the individualized S;, since entropy is a 
measure of disorganization. We thus arrive at the 
conclusion that under the condition W.< W;, the 
free energy F.=W.—TS, of the c-state must be 
smaller than the free energy F;= W,;— TS; of the 
i-state only for temperatures which are lower 
than a certain ‘‘critical” temperature 7) given 
by the condition F,= F;, that is 


To=(Wi— W.)/(Si—S:). (3) 


For temperatures which are higher than 7») the 
individualized state on the contrary will have a 
smaller free energy than will the collectivized, 
becoming thus the normal one. We meet here 
exactly the same conditions as in the transition 
from the crystalline (solid) to the amorphous 
(liquid) state, the sharpness of the transition 
being explained in the same way in both cases. 


IV. 


It now remains to see how it is that the 
collectivized state of motion can have (at T7=0) a 
smaller energy than the individualized one, and 
this in spite of its additional electromagnetic 
energy. In the first place one must take into 
account the fact that the latter can be com- 
pensated for by a general decrease of velocity, so 
that for example the total energy remains 
constant or even decreases, while the momentum 
increases (see Section II). This possibility seems 
at first sight to be barred by Pauli’s exclusion 
principle (even with due regard to the increase of 
the effective mass on an electron because of its 
electromagnetic interaction with the others). 
Pauli’s principle, when applied to an electron gas 
with a homogeneous distribution of all the 


§ This possibility has been pointed out by Bloch. 
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directions of motion gives for the maximum value 
of the momentum of an electron, the expression* 
Pmax =h(N/V)', where V is the volume of the 
gas. If instead, all the electrons are imagined to 
move in the same direction, in a system of 
parallel closed stream lines, for example, we get 
Pmax =h(N/L), where L is the linear extension, 
and is approximately V!. This would correspond 
to an increase of the kinetic energy if the effec- 
tive mass of an electron remained the same in 
both cases. As a matter of fact, for sufficiently 
large values of N it is much larger in the latter 
than in the former case. Denoting it with 
m*=m-+m’ (where m’ is the “electromagnetic” 
mass), we have v* max = P*max/m* =hN/Lm*, and 
K* =h?N?/2m*L?. The ratio K*/K is thus equal 
to (mN?2/m*L?)/(N/V)'=(m/m*)N*. Now we 
have also m*/m=1+(aN!/5) =(a/6)N!, or more 
exactly (if the motion takes place in closed lines) 
m*/m=(a/6)N!# In N? so that 


K*/K =5N?/aIn N}. 


We thus see that the energy is tremendously 
increased in spite of the decrease of velocity. 
However, we need not consider this extreme case 
of a completely ordered motion. If, for instance, 
we reverse the directions of motion of one-half of 
the electrons so that they all have positive 
projections of their velocities in a certain 
direction, Pmax will be multiplied by a factor 2, 
whereas the electromagnetic mass will be in- 
creased practically in the same ratio as before. 
We thus shall have in this case K*/K =4m/m* 
= (46/a)N-! In N', which will be very small 
compared to unity if N is larger than 10’ (with 
56=10-%). Of course there will be, in this case, 
practically no gain in the value of the momentum 
Pmax, Which must be greatly increased in order to 
stabilize the electrons against the perturbations 
produced by the heat motion of the crystal 
lattice. 

It seems that under these conditions a com- 
promise is possible such that through a partial 
organization of the motion of the electrons in a 
predominant direction the momentum will be 
sufficiently decreased to make the transition to 
this partially organized state desirable at very 
low temperatures. 


4 Neglecting immaterial numerical coefficients of the 
order of magnitude of unity. 
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V. 


Apart from the above considerations one might 
look for a decrease of energy associated with the 
organized or collectivized motion in some quantum 
effects of the same type as those met with in the 
case of an isolated atom. When the number of 
external electrons in an atom is not too large, the 
normal state (i.e., the state of lowest energy) is 
specified according to the well-known rule of 
Hund by the condition that the resultant spin S 
and the resultant orbital angular momentum L 
should both have their largest possible values. 
Now so far as L is concerned this means that the 
external electrons fend to move about the nucleus 
in the same direction, that is, ‘‘collectively in the 
above sense.”’ 

The analogy between the motion of the elec- 
trons in an atom and in a metal which is supposed 
to be in the collectivized; i.e., superconducting 
state, is made clearer if we remember that in the 
latter case we actually also have to do with a 
motion of revolution, since (classically speaking) 
the motions of electrons in order to be stationary 
must proceed in closed lines. The quantity which 
serves to specify this motion is not the mo- 
mentum G = G°+G’, which was considered in the 
foregoing sections, but something akin to the 
moment of momentum, or angular momentum, 
L=L°+L’ referred to any point of the metal. 

The simplest model of the latter is provided by 
a closed chain (or “‘ring’’) of equidistant atoms, 
the free electrons being allowed to move along 
the chain in either direction. Under ordinary 
conditions the state of smallest energy is specified 
by the vanishing both of the resultant spin and of 
the resultant current J, corresponding to the 
angular momentum L (an exact equivalence 
between L and J is not possible so long as the 
electrical field which characterizes the chain of 
atoms is not a central field, so that L is not a 
constant of the motion, while J is such a con- 
stant). This means that one-half of the electrons 
have their spins pointing one way, and the other 
half the opposite way, and that furthermore 
each half consists of electron pairs moving in 
opposite directions with a velocity of the same 
magnitude. According to Pauli’s exclusion princi- 
ple, these velocities must be different for different 
pairs, increasing from zero for the first pair up to 
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a certain maximum value for the last one. An 
electric current can be produced under such 
conditions by taking a certain number Q of 
electrons moving in the negative direction, for 
example, with velocities just smaller than Ynox 
and transferring them to states of motion in the 
positive direction with velocities just larger than 
Umax, each individual state being occupied by a 
single electron (with a given spin). Under normal 
conditions, this must be accompanied by an 
increase of kinetic energy proportional to Q 
(taking into account both individual and elec- 
tromagnetic energy of the electrons we must 
allow for a possible decrease of velocities, 
corresponding to the increase of the effective 
electromagnetic mass). This result is quite 
similar to that which is found if one examines the 
magnetization of an ordinary metal, displaying a 
paramagnetism independent of the temperature. 
In the latter case the increase of kinetic energy is 
balanced by a decrease of magnetic energy due 
to the presence of an external magnetic field. In 
the former case it can be due to the presence 
of an electromotive force acting along the chain 
of atoms (the notion of energy being no longer 
applicable, and an ever-increasing current being 
produced instead of an equilibrium state). 

Now in certain metals—namely those belong- 
ing to the ferromagnetic group—the magnetiza- 
tion is accompanied not by an increase, but by a 
decrease of energy, the latter being proportional 
to the square of the number of equally oriented 
electron spins (2Q), but with a negative pro- 
portionality coefficient. 

It seems natural to expect that there can exist 
metals which are analogous to these ferromag- 
netic bodies in the sense that the motion of 
electrons in the same direction should also 
correspond to a decrease of energy proportional to 
Q, where 2Q is the number of electrons in the 
“collective” or ‘‘organized”’ crowd. Since Q is in 
this case proportional to the current strength J, 
we can write the energy as a function of this 
“spontaneous” current in the form: 


AWe= — $7", (4) 


where y is a certain positive proportionality 
coefficient, analogous to the coefficient of the 
molecular magnetic field in Weiss’ theory. 

We thus see that so long as the condition 
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y>0 is fulfilled, our unidimensional model of the 
metallic body will give a spontaneous electric 
current at 7=0, without an applied electric 
force; i.e., will behave like a superconductor. 


VI. 


It is now easy to pass from our ring-model to a 
real three-dimensional metal. This transition 
will be quite similar to that which is made in 
Weiss’ theory of ferromagnetism, from a single 
body spontaneously magnetized in a_ given 
direction to a metal with elements of volume 
spontaneously magnetized in different directions. 
To these spontaneously magnetized regions of a 
ferromagnetic body there must correspond, in a 
superconducting body, regions with whirl cur- 
rents whose orientations, specified by their axes, 
vary in an irregular manner from one region to 
another. As a matter of fact, such regions should 
behave like magnets of molar dimensions except 
for the spin orientation of the electrons which, 
just as in the case of isolated atoms, can neu- 
tralize to a large extent the magnetic moment 
due to the motion of revolution which constitutes 
the electric currents. So far as can be inferred 
from analogy with atoms, the normal state must 
be characterized by an opposite orientation of 
the resulting orbital and spin angular momenta if 
the number of electrons is less than one-half of 
all the individual quantum states at their 
disposal (within a given band); if it is larger than 
this, the two momenta should have the same 
orientation. 

With regard to its reaction to an external 
magnetic field, a metal in the superconducting 
state must behave like a diamagnetic body with a 
large negative susceptibility—in view of the 
large size of the ‘‘orbits’’ of the electrons in the 
different regions. This is quite equivalent to 
saying that the interior of such a body will be 
screened from external magnetic fields by the 
system of surface currents induced by the latter. 
The surface currents in a superconducting body 
can be visualized not as the result of an extreme 
spin effect, but in exactly the same way as the 
surface currents in a magnetized nonconducting 
body. The latter can be ascribed, as is well known, 
to the orbital motion of the bound electrons in 
the surface atoms, their strength and direction 
being given by the vector product of the 
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magnetization at the surface and the normal to 
the corresponding surface element. The same 
description can obviously be applied to the 
surface currents in a superconductor, the surface 
atoms being replaced by the surface whirl 
regions. 

This treatment of free electrons in whirl 
regions as bound electrons moving in definite 
orbits needs, of course, an amendment for the 
case of a current flowing through a supercon- 
ductor forming but a link in a circuit with an 
ordinary conductor of electricity. In this case 
electrons must enter the superconductor on one 
side and leave it on the other. It is natural to 
imagine that such a transfer of electrons is 
achieved by a gradual shift of the whole system 
of whirl currents in the superconductor, ac- 
companied eventually by the destruction (‘‘melt- 
ing’) of these whirl currents on one side and the 
formation. of new ones on the other. 

The above view easily explains the dependence 
of the transition temperature (from the super- 
conducting to the ordinary state) on an external 
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magnetic field. Since the superconducting body 
can be considered as highly diamagnetic, its 
energy must increase when such a field H is 
applied to it, by an amount proportional to [7?. 
Putting accordingly 


W.(HD) = W.(0) — 3 xi’, (5) 


(where x is the effective susceptibility of the 
body) in the expression (3) for the transition 
temperature, we get 


Ty =T)—all’, (4a) 


where a= x/2(S;—S.), the entropy being obvi- 
ously unaffected by the field (to a first approxi- 
mation at least). 

This result is in qualitative agreement with the 
experimental facts, which however indicate a 
linear dependence between 7 and H, or more 
accurately, a dependence expressed by the 
empirical formula 7y?—7»?=cH. I hope that a 
more exact wave-mechanical theory based on the 
above ideas will be able to remove this dis- 
crepancy. 
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Magnetic field components in certain cubic arrays of 
equal parallel dipoles are computed by two methods for 
points on the boundary of a dipole domain and for points 
near a vacated dipole position. The results may be of use 


in theories of ferromagnetism. Characteristic constants 
for a nonpolar cubic array of dipoles, previously computed 
by Bouman, are recomputed more precisely. 





HE present state of ferromagnetic theory is 

somewhat chaotic, but a few definite 
conclusions have been reached and a direction for 
further advances may be indicated. The high 
stability of saturated magnetization in crystal 
domains containing many atoms each is inexpli- 
cable by magnetic forces but so-called exchange 
forces are of the right order of magnitude to 
account for it. These exchange forces have been 
estimated from electrostatic energy associated 
with states in which one electron in each atom of 
every adjacent pair has its spin-axis parallel to 
that of the similar disposable electron in the 
other member of the pair. The argument is quasi- 
classical in its postulation of Coulomb electric 
forces between the electrons in question. It is 
important to notice that the energy of elec- 
trostatic forces between each magnetically dis- 
posable electron and the other electrons of the 
atom are supposed not to be affected by the 
choice of direction of the electron spin-axis. The 
exchange interaction may thus be thought of as 
depending only upon the spatial distribution of 
the disposable electrons and the electrostatic 
interaction between them. It is not yet clear how 
easy directions for magnetization are determined. 
They may be due to interactions between dis- 
posable and other electrons in the same atom, but 
there seems to be little evidence for a control of 
the orientation of completed electron-shells by 
crystal symmetry and such completed shells may 
be statistically of spherical symmetry, so as to 
have no resultant magnetic effect. It seems 
worth while, at least, to consider the hitherto 
deliberately neglected magnetic interaction be- 
tween the disposable electrons. This is of the 


right order of magnitude to allow control of the 
direction of saturation by weak magnetic forces, 
and must appear in some form in the completed 
theory. The complete solution can be outlined as 
soon as we know the time-average distribution 
functions for the magnetic field intensity and for 
the occurrence of the “‘ferromagnetic”’ electrons 
within each atomic domain. This paper makes an 
attack upon the first of these distribution 
functions. It seems more likely to be of value 
because it is already known that the changes in 
local magnetic fields which can be produced by 
strain are of the right sort to account almost 
quantitatively for the corresponding changes in 
ferromagnetic behavior, and for magnetostriction. 
We propose to calculate the magnetic field 
intensity at selected points in certain cubic 
arrays of equal magnetic dipoles. The four 
easiest cases are presented by the simple cubic 
lattice (S), the body-centered cubic lattice (J), 
the face-centered cubic lattice (F), and the array 
characteristic of diamond (D). The last of these 
is a case of (F) having two dipoles specially 
placed with reference to each lattice point. The 
magnetic field intensity H at any point is 
proportional to Pa,y-* where P is the magnetic 
moment of each dipole and dp is the edge of the 
unit cube. For greater generality we will compute 
a field factor h, independent of P and a» and 
therefore related to H by the equation 


H=hPa,~. (1) 


We must therefore replace each vector moment 
P by a parallel unit vector p and each vector 
translation V by a parallel vector v= Va". 

We select any dipole as an ofigin of rectangular 
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coordinates parallel to the cubic axes. Then the 
position of any other dipole is fixed by a vector r 
to it from the origin. The different arrays are 
distinguished in Table I by selection rules for the 
components 7;, where the subscript 7 is suc- 
cessively 1, 2 and 3 for each dipole. If two or 
three components are to be referred to we use 
subscripts 7 and j, or 7, j7 and k. An arbitrary 
integer, positive, negative, or zero is indicated by 
n; or by n, and N is the number of dipoles per 
unit cube. 


TABLE I. Characterization of dipole arrays. 


N is the number of dipoles per unit cube. 











Name 
Selection Rule Symbol N 

Simple cubic (S) 1 
r= Ny. 

Body-centered cubic (J) 2 
ro=ny, and r=ny+}. 

Face-centered cubic (F) 4 
re=n; or M+); Liri=n. 

Diamond cubic (D) 8 


rge=n; or W+4; Tirs=—n, and 
remit or m+i; Diri=n+i. 








We will first suppose that all dipoles are 
parallel so that p is the same for all. The magnetic 
moment per unit volume, 


I= NPay, (2) 


corresponds to magnetic saturation. If, in calcu- 
lating H we find a term depending on I, the field 
factor h will depend in the same way upon Np. 

We let s; be the three coordinates of a point, 
not occupied by a dipole (s#r), at which the h; 
are desired, and put r—s=t. The increment of h; 
due to the dipole defined by r is 


bh; = (3¢,7t-5 —t) py+3titjpjt+3titidr, (3) 
or, for abbreviation, 
bh; = bhiipitbhijpjtbhirpe. (4) 


In a finite crystal 4; in general depends upon the 
crystal boundary so that we must either sum 
6h; for all the dipoles in a specimen, which is 
inconvenient, or resort to an artifice. One such 
artifice, that of Lorentz,! substitutes for the 
dipoles beyond a convenient sphere of radius 
tim a continuum with uniform magnetization Np. 


1H. A. Lorentz, Theory of Electrons, pp. 303-306 (1909). 
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The correction term to the result of summing 6h; 
up to flim is then calculable for some shapes of 
specimen. For a spherical crystal the correction 
term vanishes. For an infinite crystal it is 
4xrNp/3. We accordingly write for an infinite 
crystal 

h=47Np/3+lim > 6h, (5) 


or in scalar form 


h;=4rNp;/3+lim > bh;, (6) 
that is, 


h;= {4rN/3+lim > bhi:} pi +lim > bhijp; 
+lim Sohinp,. (7) 


The approximation to the final value is slow, but 
this final value may be predicted with fair 
certainty after a manageable number of terms 
have been computed. It saves time and improves 
precision to choose a symmetrical direction for s, 
for then the number of terms separately to be 
computed becomes much less than the number of 
dipoles included. The field distribution in each 
dipole domain is the same and s therefore has 
a limit, depending upon its direction, beyond 
which it is unnecessary to increase its magnitude. 
In general Sjim< 33/2. 

Fig. 1 shows one unit cube in each array (that 
lying between the origin and the dipole at 
’,) =.= —1, rs=1) with the positions of its N 
dipoles indicated by small circles and with one 
dipole domain outlined about the origin. Corners 
and other important points on the boundary of 
each such domain are marked, on the prolonga- 
tion through them of lines from the origin, with 
their coordinates: $5253. 

If a line be drawn from the origin to any point 
on the boundary of the atomic domain it is easy 
to see from considerations of symmetry that a 
given h; varies from a maximum to a minimum, 
or vice versa, as we traverse the line. A general 
survey of the field is therefore most easily made 
by selecting points on the boundary of an atomic 
domain. Since the field intensities at s and at —s 
are always equal (and parallel) it is necessary to 
consider only one-half of the atomic domain in 
selecting such points. 

Table II presents h; for selected points of the 
sort marked in Fig. 1, for a series of values for 
tiim, and for two simple directions for p, in arrays 


(S), (2) and (F). Each line in part C of this table 
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Fic. 1. Dipole domains in cubic arrays: (S) Simple cubic, (J) Body-centered cubic, (F) Face- 
centered cubic, (2) Diamond cubic. Coordinates s:5253 are given in terms of the edge of the unit 
cube. Circles show the positions of the dipoles associated with the unit cube which is outlined. 


corresponds to including an additional group of 
dipoles all with the same ¢. Since ¢ is generally an 
irreducible surd # is preferred as the argument. 
The number of dipoles, >> N, included at each 
stage of the summation, is also recorded. It will 
be noted that }} N~4rNP/3. The term 4xNp;/3 
is put last, in part A, which summarizes the 
results, for two reasons. In the first place it tends 
to smooth out those variations of the local field 
with which we are chiefly concerned. In the 
second place it is logically last because it arises 
from the extension of the array to infinity. 


The last column in Table IIA contains values 
of h; computed by a second artifice, due to 
Ewald,? applied to the present problem by 
Kornfeld® and justified in detail by Bouman.‘ 
We write, in analogy with (4) 


he=hipithipjt+hirbe. (8) 


Each coefficient (h;;, 4i;, hx) is composed of three 


2P. P. Ewald, Ann. d. Physik [4] 64, 253-287 (1921). 

3H. Kornfeld, Zeits. f. Physik 22, 27-43 (1924). 

4J. Bouman, Archives Néerlandaises [3A] 13, 1-28 
(1931). 














McKEEHAN 


Ww. 


L. 


916 































S9EteOI— L99IDOI— 098296 L20670%2- I- 12 66880°9 O9ZL01'9 OS9ES' O80LZ'T I ol 
90TZ'EI— Z6SZEEI— O9EL96 s9200'EZ—- I- 2 66880°9 O9LOL'9 O89ES' ONOLZ'L I OL 
QOEILEI— Z68ZEEI— O09E29'°6 SZOOESC—- I- Bs O PII F/I 16P8¢'OT 9612901 OS9ES'F Y9I1ESZ°¢ I 6 Ss/I S/T Z/T 
S9EPEOI— LOBVIDOI— 098296 L220620%2- I- 12 #86869 oLgeLZ¢'9 OS9E8' O68EL'T Zz 9 
FELLO'ES 1OT00'E¢ 09E29'6 =: LPLZE"EF I 0z ZLOEE'T j OS9Es'’ 6LLLFE—- I- 9 ; 
FOLLO'ES 1OLO0'S¢ 09€29°6 IFLZE'EF I 02 «=O OB/T F/T FRERE'D OS9Es' O68EL'T z 9 O F/T Z/t §8/T ES/T §8/T 
09£29°6 09£29°6 09€29°6 0 = - P60bS'1Z O OFlEF IZ I tI 
09€29°6 09£29°6 09€29°6 0 - - F60FZ'1Z OFLEP IZ O OFIEFIZ I tl 
098296 09€29°6 09€29°6 0 - - P/I F/T PT SELLS SELLE’s 8oLle’s 0 - - it d/T BT 
6F806'S — 926FLS — O9EL96 Q8zzFCI- I- LI 0 0 0 0 - - 
6F806'° — 926FLE — O9EL96 Q8ZzFCI-— I- LI 0 0 0 0 - - 
6t806'° — 926FLE — O9EL96 B8ZzFCI- I- LI 8s/I 8/I 8/€ T99¢e'8T LLL6E'ST SeLlZe's 610Z0°0T I ZL s/¢ s/€ O 
09829°6 09€29'6 09829°6 0 - - 0 0 0 0 - - 
"cS 9F960°SZ O9EL9'6 98ZZF'ST I LI S89FT'L 6ITIZ'2 O  6ITIZL I 8 
9°6 09€29°6 09829°6 0 - - §gs/I 8/I 8/e 8°66E'E SPL9E'E sezze's olulog — Z- 2£ 0 8/e s/t 
09£29°6 09£29°6 0 - - 0 0 0 0 - - 
09€29°6 09€29°6 0 - - 0 0 0 0 - - 
9F960°CZ 09EL9°6 98ZZr'CT I LI 8/t S/T 8/€ 8f6Z8'S — Secees — SELLERS  O8ZIZOI- S- SI O BI O 
09€29°6 09829°6 0 - - 0 0 0 0 - - 
09£29°6 09€29°6 0 - - 0 0 0 0 - - 
09£29°6 09£29°6 09€29°6 0 - - 0 O Z/T_ ge/T §e/T §8/T 68162'6Z O££08'°6% SELZE'S ZLETEIS I zt CO a/I 
0 0 0 0 - - SS9FI'L GILLIS L O  G6ILIZ2 if 8 
0 0 0 0 - - 0 0 0 0 - - 
SLSIGLI— E988e'xI— 9IEELZ OI 6LEtI'ce—- I- Sl FIFI O 8668's SELOE'E sezzes §=6Ololog — =2—- L S/I @/I S/T 
ae 0 0 0 = - 0 0 0 0 - - 
PETES LE SET E'LE 0 Brel Le I 61 0 0 0 0 ~ - 
$9060' FE COLZE' FE QISSL9L G68ILE'LI z St O F/I F/I T9SEE'SI LLL6E'ST SELLS  610Z0°0I I L 8/1 S/T 2/T 
0 0 0 0 - - 0 0 0 0 - - 
0 0 0 0 - - 0 0 0 0 - - 
9ISeL’ or Q9ISSL OI gIceL 91 0 - - PI P/T PT 6808 'Z L8Ece'% ScLZe°8 128209 - I- ¢ O 2/T F/T 
Ler6reI—  6cgcEe’sI— 0 6¢e9cesI- I- 91 0 0 0 0 - - 
LEPGP'ET 6S9CE'EL 0 ; I 91 0 0 0 0 - - 
9ISeL gL 9IceL' 91 gI¢e2'91 - - g/t 8/€ 8/T FOETE IT FROSE'IT SELle'8 9810'S z ¢ 0 F/I 2Z/I oot 1) 
LbPGE EI 6S9CE'EL 0 I 91 ‘9—- OL9I¢9 — OFSIFZ O1Ck68 — ZZ F 
LEPGF'EL 6S9CE'ET 0 I 91 9— O249Ic9 — OFSIFZ O1Sk68 —-— Z- F 
9ISCL OL gIeel ol 9IeeL 91 - - g/I 8/I 8/ SZ982'61 6E88Z'0Z OFSIF'Z G61OL8°LI I t 0 O ail 
0 0 0 - - c6ese's — LIDS — OFSIFZ LEZLOE — I- B 
0 0 0 - - 990Z6'F S9PC6'F OFSIFZ KZ9EoS z z 
9IScL 9 9ISCL OI 9I¢eL' 91 - - 0 O 2@/t oot (4) | 99026" R9FC6'F OFSIFZ Sz9ES'% z z 0 2/I at 
£10696I— OOI6'6I— OR9ES'F I- &I OFSI P'S OFSI E'S OFSI FS 0 - - 
OS9E8"F O89E8"F O89E8'F - _ OFSIF'S OFSI FS OFSI E'S 0 - - 
O89ES'F OS9E8'F O89E8'F - - P/I PI PI OFSI P'S OFSIF'Z OFSI FZ 0 - —- G/L S/t s/t S/T ge/T §e/T 
PELIE 6S CYESS 6S O89ES'F I cI 0 0 0 0 - - 
FE L9E 6% C9YESS'6Z OR9ES'F I cI 0 0 0 0 - - 
PELIE 6Z C9ESS 6S O89ES'F if Cl F/T F/T F/T E22E8'0I—_-_ SSL8STI— ~=—s—s« SLES = FODLE'SI— = Z—-—is«éG 0 2/t O 
16#RSO1 9612901 O89E8'F I 6 0 0 0 0 - - 
Ic9El'Z — O1ZERZ — O89ER*F I- I 0 0 0 0 - - 
Ic9el'% — O1ZERZ — O89ES*F I- I oO 8/E 8/e PSOLZ' FE L80FI'SE 6L881'F  S0ZS6°0E I £ 0 O ait 
16#8¢°OL 9612901 O89E8'F I 6 0 0 0 0 - - 
66880'9 O9Z01'°9 OR9ES'F I ol 0 0 0 0 - - 
66880°9 O9Z01'9 O89ES'F I ol 60 8/€ 8/E F6SLE'b — 9IL6CF — G6L88I'F sEcsLZs —-— I- I Z2Iat oO 
L6FPE TL — LE8FET — O89ES'F Z—- = SI 0 0 0 0 - - 
LE8tEl — O89ES"F s—- «Stl 0 0 0 0 - - 
£6902" LI O89ES'F LOLEZI I £l oO 0 2/I 99ZZE"8 9618E"8 6L88l' L6268"F z I 0 2Z/t 2/I 
OIZErS — O89ESF 0069%L —- I- II 0 0 0 0 - - 
OIZErS — OR9ESF  O069TL — I- II 0 0 0 0 - - 
16#8¢°OI 9612901 OR9ES’F g91eSsZ'¢e I 6 S/T S/T 2/t g/t ge/T g8/E (2) | 6L881'F 6L881'F 6L88'F 0 - - @B/t Zt ait oot (Ss) 
6 8 ZL 9 ¢ t € z I 6 8 L 9 ¢ t £ z I 











; 2 : "e‘S‘T=s 09 
Japio 3ey} Ul ‘BuIpuodsaiso0d “g UUINIOD UI AI}Ua YA JOJ S91I}]UA 3914} JI 319} DAISNIUI G OF F SUUINIOD Uy *(preaq Jo poyjzou) ty :§ UUIN[OD *(ZJUaIO7T Jo poyjew) ty :g UUINIOD “¢g/*d NXP 2zZ UUINIOD 
*peinduiod aisy 'yez 3Se’]T 79 UUIN[OD “JW 2g WUINjOD “oraz a1e 'y49X JO SANILA [[e FLY} SOJOIpUL YSep Y “UAAID a1v 'yeT JY JO SaNjLA Jo Satas B a1ayM D Jed Ul JaquINU UUINJOD :F UWINIOD “tszsts !yulod jo 
S9}JEUIPIOOD +g UUINJOD “tdegig :yuauIOUl ajodip jo syuauOdUIOD :Z UUINJOD *(4) JO *(7) *(S) tAvsIe Jo AGA] :] uUNjOD ‘uipuMop ajodip pv fo Kavpunog ay} uo sjutog sof ty fo sanjvA “Y LUVd ‘]] ATAVL 





I~ 
— 
an 


IN CRYSTALS 


MAGNETIC FIELDS 














| 

















an t/l b/L O €zt 8/1 8/1 2/I 8/I S/T Z/I 

1e2 r/L O F/I O P/I F/T 1€2 O 2@/t F/I 
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MAGNETIC FIELDS 


convergent sums so that we may put 
hit=hiieethiiothiiga, (9) 


and similar expressions for h;; and hy. The sums 
containing ¢ in the subscript are taken over all 
points of the infinite array of dipoles. The sums 
containing g in the subscript are taken over all 
points of an infinite array reciprocal to the dipole 
array. 

In constructing the q-array from the dipole 
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array we start with the defining equations: 
r=Drai, (10) q= Dd qibi, (11) 
b;= (a; Xax)/[ai-(a;Xax) ]. (12) 


In our cubic arrays the three fundamental 
translations have the same magnitude (a;=1) 
and are at right angles so that the reciprocal 
array is also cubic and the );=1. We are now 
ready to consider the separate sums of Eq. (5) 
and its analogues. These are: 


hiue= —e®Dt2g0(el), (13) 
hijew= —P DL titige(e), (14) 
hiiw=hijw=e>d gi(el), (15) 
hiig2=4r>0'Q2q~ cos {2r(gisitgese+qsss)} exp (—2°q?2/e), (16) 
hijqa=40Q0'Qiqiq cos {2x(qisitgqese+qsss)} exp (—7°q?/e). (17) 


In the primed summations there is no term with 
q=0. The factor ¢ is an arbitrary parameter upon 
the value of which the h;; do not depend. (The 
separate sums, such as h;i:2, do depend upon e.) 
Computations for two different « which give the 
same h;; are almost certainly correct. All values 
here given have been checked in this way. 

The functions g; and ge are defined according 
to the scheme: 


$(a) =20-! f exp (—6)d8, (18) 


go(a) =a"[1—¢(a)], © (19) 
£:(a) =a go(a) +273 exp (—a?*) ], (20) 
g2(a) =a 3¢:(a) +42-! exp (— a?) ]. (21) 


Further functions of this series may be thus 


defined: 


&m(a) = a?[ (2m — 1) gm_1(@) 
+2”"2-! exp (—a*)]. (22) 








The probability integral ¢(a) is usually tabulated 
to 4 or 5 decimals. Values to 6 or 7 decimals, 
depending upon the magnitude of the argument, 
were found more suitable in the present work. 

Eqs. (16) and (17) may be used without 
further modification provided that the dipole 
array is first divided into its N simple cubic (5S) 
arrays in each of which a different value of s 
must be used to define the single point where the 
h;; are wanted. The summation for each s is 
then over a simple cubic q-lattice. Inspection 
shows, however, that for many q values the net 
contribution from the N sums is zero. We 
therefore prefer to choose one of the N values of 
s which must all be used in (13), (14) and (15) 
and to select the values of g; which contribute to 
(16) and (17) by a rule analogous to that which 
selects r; in the dipole array. Upon thus confining 
the summation to one s and to the selected q¢; we 
may rewrite (16) and (17) as follows 


hiigg=4aN>'fa2q cos {2x(qisitgese+qass)} exp (—2°q*/e), (23) 
hijq2=4eND'fqigiq cos {24(qisit+ges2+qsss)} exp (—2°q?/e). (24) 


The selection rules and the values of the auxiliary 
factor f are given in Table III. 

The choice of ¢« fixes the number of terms 
dependent on ¢ and q which must be found to 





attain a given precision. For a value of ¢ near 
unity the two series are about equally long. It is 
better to have rather more terms in the gq series 
than in the ¢ series because the functions in the 
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TABLE III. Selection rules and values of the auxiliary factor f. 











Symbol Selection Rule f 
(S) gi=Ni. 1 
(J) gi=Nni; Yigi=2n. 1 
(F) gi=2ni, 

and 
gi=2n;+1. 1 
(D) Qi =2n;; Liqi=4n, 1 
and 
qi=2n;+1. 1/2 








former are easier to compute. The values of « 
here chosen were 2 and 3. 

At any dipole position in these infinite cubic 
arrays the field due to the rest of the dipoles is 
4xNp/3. At near-by points the field due to a 
complete array is almost exclusively that due to 
the nearest dipole, and hence has little interest 
here. It is, however, worth while to inquire in 
what field a slightly displaced dipole will find 
itself, the rest of the array remaining undisturbed. 
We arrive at the desired result by computing /; 
at points with small s and subtracting 6h; for 
the dipole at the origin. 

The method of Lorentz is applicable without 
any special precautions and gives better approxi- 
mations the smaller the value of s. Results for 
representative points in (J) and (F) are given in 
Table IV, which is similar in its general con- 
struction to Table II. The principal difference, 
besides the omission of one dipole, is that r° 
replaces / as the argument in part C. This is now 
more convenient because /’ is no longer necessarily 
a small submultiple of an integer and because 
groups for the same 7, which produce zero field at 
the origin, produce only small field components 
at near-by points. Since each value of r gives rise 
to several values of ¢ the number of terms 
separately computed is no longer equal to the 
number of entries in part C of the table. It is 
therefore reported (as }-7) in a separate column 
for each group of >-6hj. 

The results have again been checked by the 
method of Ewald, but in this work it was 
necessary to find g;(et) and go(et) for the smallest 
value of the argument—es—to about 10 figures, 
in order to justify 5 or 6 figures in the results. 
The terms in Eqs. (13), (14) and (15) which 
depend upon this argument are almost equal to 
the corresponding terms in (4) by which the 
result for a complete array must be corrected. 
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These correction terms must also be computed to 
about 10 figures, but this presents no particular 
difficulty. Values of ¢(a@) to 9 decimals have been 
reported by Burgess,’ who also gives formulae for 
computing values to any desired precision. The 
few values here needed were so computed to 10 
or more figures as an additional check upon the 
tabular entries. 

A result of some generality may be derived 
from Table IV. If one dipole in an infinite lattice 
oscillates through its mean position it may 
acquire extra magnetic stability for particular 
directions of its line of motion. This will still be 
true if a compact group of dipoles oscillates as a 
whole. This result does not permit any generali- 
zation about the stabilizing or disturbing effect 
of an elastic wave which displaces layers of 
dipoles in succession. When we consider thermal 
agitation we do not see in the first place how 
thermal motions can be limited as to direction. 
Furthermore we find that if vibrations along all 
crystallographically equivalent directions are 
equally probable the average increase in stability 
is zero. This may be seen for a particular case in 
Table V. 

It does not appear that the observed directions 
of easy magnetization in real cubic crystals, 
which are <100> in iron (J) and <111> in 
nickel (F), could have been predicted from the 
results here obtained. 

A case treated by Bouman! falls within the 
scope of this paper and has been recomputed 
here although it is not a case of ferromagnetism. 
The dipole array is composed of two inter- 
penetrating face-centered arrays in each of which 
separately the vectors p are so arranged, con- 
sistently with full cubic symmetry, that the 
magnetic moment per unit cube is zero. This 
makes the results sensibly independent of the 
crystal boundary. In magnetically stable arrange- 
ments h at each dipole must have the direction 
of that dipole axis, p. Bouman shows that the /; 
depend upon six constants a, b, c, d, e, f (these are 
A, B,C, D, E, Fin his notation multiplied by the 
volume of a unit cube to make them pure 
numbers). Since 3a=2b+c=d+2e=3f=47 we 
need only compute ¢ and d. 


5 J. Burgess, Trans. Roy. Soc. (Edinburgh) 39, 257-321 
(1898). 
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TABLE IV, Part B. Columns 1, 2, 3: Same as in part A. Column 4: Coordinates of point, s1’s2’ss’ X(10)3, not appearing in part A. Column 5: 
hi’ha’h3’ in terms of hihehs3 as given in columns 8 and 9 of part A for sis2s3 X(10)3 as given in column 3. For ease in reading only the order of 


hihehs is given. Thus 3 1 2 means that Ai’ =hs, ho’ =h1, hs’ =ho. 

















1 2 3 4 5 1 2 3 4 5 
(1) 100 0100 0 0 0 100 123 || (fF) 100 0100 O 0 0 100 123 
70 70 O 70 O 70 133 70 70 O 70 O 70 132 
70 O 7 132 70 O 70 132 
70 70 O 123 70 70 O 123 
0 7070 0 70 70 123 0 7070 0 70 70 123 
55 55 55 55 55 55 123 55 55 55 55 55 55 123 
55 55 55 123 55 55 55 izs 
55 55 55 3 55 55 55 123 
1/3! 1/34 1/33 100 O O 0100 O 312 1/34 1/34 1/33 106 0 O 0100 O 312 
0 0 100 331 0 0 100 33:1 
70 70 0 70 O 70 231 70 70 O 70 O 70 231 
0 70 70 312 0 70 70 312 
70 70 0 70 O 70 231 70 70 0 70 O 70 $31 
0 70 70 312 0 70 70 B12 
55 55 55 55 55 55 231 55 55 55 55 55 55 231 
55 55 55 312 55 55 55 312 








TABLE IV. Part C. Numbered columns contain values of 2454; as required in part A. At the left of each group of numbered columns are three 
columns headed nmr?, =N and =T which give, respectively, the highest value of r?, the total number of dipoles and the total number of terms for 


each tabular value of Ld5hj. 




















42 3N &T 1 2 =T 3 4 5 6 7 =T 8 9 
3 8 2 0.75154 0.43390 3 0.39302 0.36162 0.09533 0.22691 0.32224 4 0.24255 0.28007 
4 14 5 .32912 .19002 6 .18990 15374 03394 .10964 14358 6 11716 13529 
8 26 8 .36688 21182 .20731 .17256 .03978 .11969 15947 9 .12792 14771 
11 50 s«12 .33806 19518 16 .19325 .15842 03568 11157 14725015 11924 .13768 
12 584 .36190 20894 = 19 .20512 .17004 03896 .11843 15739 «19 12657 14615 
16 64 «17 .34875 201385 922 19871 16359 .03709 11473 1518121 12261 14158 
19 88 21 .36146 .20869 = -.29 .20490 .16983 .03890 .11830 1572027 .12643 14599 
20 #12 2% 135547 2052335 .20193 .16694 03807 11658 15465 31 .12460 14387 
24 «13630 .36022 20797 42 .20427 .16926 .03874 11794 15667 36 .12604 14554 
27 «168s 386 35414 20446 = 49 .20131 .16628 .03787 .11623 15409 44 12421 14343 
4x72 =3N  23T 10 11 =T 12 13 14 15 16 =T 17 18 
2 12 3 1.26626 = 0.73108 5 0.48225 0.66362 0.24393 0.27843 0.52236 3 0.29928 0.34558 
4 18 6 84384 48719 8 .27913 A5574 .18255 16116 .34370 5 17389 .20080 
6 42 10 99517 57456 15 35516 .52933 .20308 .20505 40814 10 .22081 .25497 
8 54. «13-—s«*1.03293 5963720 .37257 54815 .20892 21511 42403 13 .23157 .26739 
10 78 «18 93941 5423728 .32678 .50231 19568 .18867 38434 «17 .20330 .23475 
12 86 20 -96325 -55613 31 .33866 .51394 .19896 -19552 .39448 21 -21063 -24321 
14 «6134 6 .99993 577314 135659 .53192 .20417 .20588 4100428 .22170 .25600 
16 140 2 .98678 56972 9 44 .35018 52547 .20230 .20217 4044730 .21774 25143 
18 176 36 97251 56148 «53 .34314 .51849 .20030 19811 3984037 .21339 24641 
20 200 «41 96652 55802 59 .34016 51560 .19947 .19639 39586 = 41 .21156 24429 
22 224045 .98024 56594 66 .34693 52231 .20139 .20030 4016947 .21574 24911 
24 #248 8 49 .98499 56869 73 .34928 .52463 .20205 .20166 40371 52 .21719 25079 
26 4 «69320— 58 .98009 56585 87 134685 52224 .20136 .20025 4016262 .21569 24906 








The final expansions for ¢ and d in rapidly convergent form (method of Ewald) are 


c= —8rDAnn-'x"+128rE> B,.ny"+768e>_ B,ny" + 768) B,n-4[1 — (2-2 ne) J 
— 32> Cin y" —32>0C,.n-§[1 —o(2- m4) J, (25) 
d=82r> A nan 'x"+8re> B,any"+48e> Brany" +48) B,an-[1 —$(2-'r!n-'e) ] 
—16€>> Cnan—y" — 16> Cnan-3[1 —o(2-12 ne) J. 


(26) 
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TABLE V. Conditions: Array (1). 




















pipePs $1S253 X (10) =(hi —4a Np; /3)* 

Se. 55 55 55 +0.4332 

31 3! 3 
55 55 55 —0.1444 
55 55 55 —0.1444 
55 55 55 —0.1444 
55 55 55 —0.1444 
55 55 55 —0.1444 
55 55 55 —0.1444 
55 55 55 +0.4332 
Mean value 0 








*This is here proportional to the excess negative 
potential energy of a dipole of moment p at the designated 
point over its negative potential energy when at the origin. 


In these expansions x=exp (—7/é), y=exp 
(—7e?/4), « and ¢(a) have already been defined 
and the coefficients A,,, etc., except as given in 
Table VI, have the value zero for all values of n. 

The results, checked as usual for two values of 
e (2! and 6'/2) are 


c= —4.47894, d=34.2708, 


correct to one digit in the last figure in each. 
Bouman’s value for d/2 is 17.14 which is correct 
as far as it goes. His value for ¢/2 is — 2.20 which 


TABLE VI. Coefficients for Bouman's series. 


Note: For values of n not given the coefficient is zero. 











n , Ana * Be @ Be ©. Coe © See 
1 1 1 6 1 1 1 2 1 1 1 
2 —4 4 14 2 5 4 6 z 5 4 
3 4 4 18 4 9 13 10 2 9 § 
4 4 —4 22 1 13 36 14 4 13 4 
5 —12 —12 26 8 17 40 18 3 17 8 
6 8 —8 30 2 21 8 22 . ow 8 
8 16 -16 34 4 25 61 26 6 25 5 
9 -19 —-19 38 11 29 172 30 4 29 12 

10 —40 40 42 8 33 104 34 4 33 8 

11 44 44 46 18 37 4 38 6 37 4 

12 16 -—16 50 8 41 144 42 4 41 16 

13 20 20 54 12 45 236 46 4 45 12 

14 —48 48 62 20 49 121 50 7 49 #9 

16 16 -—16 66 28 53 204 54 8 $s 1:2 

17 —56 -—56 70 18 57 296 58 2 57 8 

18 20 -—20 74 40 61 172 62 8 61 12 

19 76 76 78 2 65 400 66 8 65 16 

20 80 -—80 82 16 69 392 70 4 69 16 

21 -—152 -—152 8&6 29 73 40 74 10 73 8 

22 —56 56 90 40 77 272 78 4 #77 16 

24 96 —96 94 20 81 321 82 4 81 17 

25 —3 —3 98 40 85 520 86 10 85 8 

89 888 90 10 89 24 
93 200 94 8 93 8 
97 424 98 9 97 8 








is not so satisfactory, but the change does not 
vitiate his qualitative conclusions. 
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Magnetic Dipole Fields in Dislocated Cubic Crystals 


L. W. McKEEHAN, Sloane Physics Laboratory, Yale University 
(Received February 13, 1933) 


A search is made for magnetic stability of orientation 
in cubic arrays of parallel dipoles subjected to dislocations 
of two sorts. In the first sort of dislocation cubic symmetry 
is lost but the dislocation is homogeneous. In the second 
sort, which simulates incipient or residual slip between 
two parts of one crystal, cubic symmetry is retained by 
each part separately, but the dislocation is sharply local- 


ized. Energy per dipole changes during dislocation in 
ways which do not account for observed directions of easy 
magnetization in annealed crystals of iron and nickel. 
Changes of magnetic behavior due to coldwork are of the 
proper order of magnitude to be accounted for in part at 
least by dislocations of the second sort. 





N a previous paper! we discussed the magnetic 

fields due to infinite cubic arrays of equal 
parallel dipoles. Here we abandon the perfection 
of arrangement there assumed in the hope of 
approximating better to the fields in real ferro- 
magnetic crystals. Two considerations govern 
our choice of hypotheses regarding the dipole 
arrays to be investigated. The notation of the 
previous paper will be used with such additions 
as may be necessary. 

A magnetically saturated region in a so-called 
cubic crystal is, at best, pseudo-cubic, because 
the magnetic axis is unique. If the direction of 
easy magnetization is a four-fold axis the 
symmetry is not higher than tetragonal, if it is a 
three-fold axis the symmetry is probably hexag- 
onal. It is natural to consider whether the 
stability of direction of the magnetic axis in 
either case is magnetic in origin and can be 
ascribed to departures from a strictly cubic 
arrangement of dipoles which would be allowed 
by the lower symmetry of tetragonal and hexag- 
onal lattices in which cubic cells may still be 
identified. Though it will be convenient to 
retain the three cubic axes for our coordinate 
system we must give up the crystallographic 
equivalence of the three cube edges, if the array 
is tetragonal, or of the four cube diagonals, if the 
array is hexagonal. If we find in the new arrange- 
ment that each dipole acquires negative potential 
energy (which it did not possess in the corre- 
sponding cubic arrangement) we may conclude 


1L. W. McKeehan, Phys. Rev. 43, 913 (1933). 


that the assumed displacements would spon- 
taneously occur in our simple model and that 
that assumed direction of magnetization would 
be most stable for which the negative potential 
energy is maximum. It should be emphasized 
that the model is defective in having no elasticity 
in dipole constraints and no thermal agitation. 

A second line of attack is suggested by the 
occurrence in real crystals of directions in which 
slip most easily takes place. In such crystal- 
controlled slip one part of the crystal is translated 
with respect to the rest in a definite crystal- 
lographic direction, sometimes through enormous 
distances on the atomic scale. Generally the 
surface of separation between the two parts, 
which surface must, of course, include the 
direction of slip, is a definite crystallographic 
plane. If so, it is possible in cubic crystals to 
have more than one plane of a given form 
functioning as the slip plane with a single choice 
of slip direction. This will be made clearer by 
citing what is known about slip in iron and 
nickel. 

In iron, with a body-centered cubic space- 
lattice (J), the slip direction is of form <111>. 
At low temperatures? planes of form {211} act as 
slip planes. At ordinary temperatures slip planes 
are not easily distinguished and slip may better 
be described as columnar.* We may put this 
otherwise by saying that planes of forms {211} 


2H. Sossinka, B. Schmidt, F. Sauerwald, Metallwirt- 
schaft 10, 788 (1931). 

3G. I. Taylor, C. F. Elam, Proc. Roy. Soc. A112, 
337-361 (1926). 
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and {110} both function as slip planes, since any 
prism with a <111> axis may be thought of as 
bounded by planes of these two forms. Table I 
shows the possible slip planes of both types for 
the particular slip direction given at the head 
of each column. Since slip may be positive or 
negative it is unnecessary to list more than 4 of 
the 8 directions of form <111>. 


TABLE I. Possible slips in iron. 








Along 111) [111] f1i1) f1i7) 
On (211) (211) (211) (211) 
(112) (112) (121) (121) 

(121) (121) (112) (112) 

or (possibly) on (101) (101) (110) (110) 
(110 (110) (101) i 

1 


) 
(011) (011) (011) 








In nickel, with a face-centered cubic space- 
lattice (F), the slip direction is of form <110>, 
and the only known slip-plane is of form {111}. 
Columnar slip is not known to occur, so there is 
no occasion for a secondary slip plane in this 
case. Table II is similar in form to Table I but 


TABLE II. Possible slips in nickel. 








Along [110] [101] [101] [110] [011] [0 


On (171) (111) (111) «(111))-(T)s 1 
(111) (111) (i171) (41T) (il) (1 


_—i— | 
~~ LY 








it will now be noted that each slip plane appears 
under 3 slip directions, whereas in iron the 
assignment was unique. 

It seemed worth while to find out whether such 
crystal imperfections as may be described as 
incipient or residual slip tend to stabilize by 
magnetic forces those directions of p in iron and 
nickel which are known to be preferred. In iron 
p is usually a <100> direction, in nickel, a 
<111> direction. To prevent bias we should 
compare the results for both choices of p in each 
metal. Slip itself is highly localized in a real 
crystal and it seemed fair therefore to suppose 
residual or incipient slip to be even more sharply 
defined, especially since the case of homogeneous 
elastic strain is to receive special attention later. 

Both lines of attack can be pursued by the 
same means. We modify our previous assumption 
—that the array of dipoles is based on a single 


perfect cubic lattice—in the following way. The 
cubic array is divided into two groups, mutually 
exclusive, by appropriate selection rules and one 
group is then translated with respect to the other 
by a suitable small fraction of the lattice 
parameter. For convenience we will call this 
process a dislocation. It is not a strain in any 
ordinary sense of that word. 

The stabilizing effect of a dislocation will be 
estimated by the change in the magnetic potential 
energy of a chosen dipole. If every dipole of each 
of our two selected groups is similarly environed 
after the dislocation it will make no difference 
which dipole we choose. This is what happens if 
the combined array becomes tetragonal or 
hexagonal as proposed in the second paragraph. 
Here we can actually calculate the change in 
energy density which has resulted. In dislocations 
which simulate slip, on the other hand, there will 
always be a set of dipoles in each group which 
suffer more change in energy than any others. 
These will be dipoles adjacent to the surface of 
separation which can here be drawn as a bound- 
ary between the groups. We naturally choose one 
of these boundary dipoles for examination. If the 
surface of separation is plane we get the same 
result whichever side of it we make our choice. If 
the surface of separation is not plane but 
cylindrical or prismatic we will get different 
results depending upon which side of the bound- 
ary we consider. It is easy to see, however, from 
the most general reasoning, that if all the dipoles 
of one group are made more stable in their 
magnetic alignment the average effect in the 
other group is also stabilizing. In cases of 
columnar slip we avoid as much labor as possible 
by making one group a single row of dipoles, so 
that here also we need to compute the change in 
energy for but one dipole. The dipole considered 
will always be taken as the origin of coordinates. 

In the perfect cubic array the dipoles were at 
the ends of vectors r from the origin and the 
various arrays were distinguished by selection 
rules for r;. All lengths were measured in terms of 
the cube edge a) and the coordinate axes were 
the cubic crystal axes (four-fold rotation axes). 
In the dislocated array the dipoles are at the ends 
of vectors r’ from the origin and we have two 
selection rules, one for the undisturbed group and 
one for the displaced group. The vector displace- 








926 bs Ws 
ment of the latter group will be designated by v. 
As before all dipoles are parallel, their common 
direction being that of a unit vector p, the 
magnetic moment of each dipole is P= P-p. The 
negative potential energy of such a dipole in a 
magnetic field of intensity H is U=P-H in the 
perfect cubic array and correspondingly in the 
dislocated array U’=P’-H’. Putting P’=P we 
see that U’— U=P-(H’—H) measures the excess 
magnetic stability due to dislocation. 

To give our results maximum generality we 
prefer to compute u’—u defined by the equation 


U’—U=(u'—u)P?ay (1) 
or, since 
H’ —H=(h’—h) Pay, (2) 
we may write 
u’—u=p-(h’—h). (3) 


McKEEHAN 


Since the change in energy is due entirely to 
changes in the local field, regardless of external 
form of specimen, 


u’ —u= Dil pi(d’bh,’ — DL’ bh) } (4) 


where >-’6h;’ and >-’sh; are to be taken over the 
same limited set of dipoles, excluding the dipole 
at the origin. For the perfect cubic array we 
know already that 


5h, =0, (5) 


so that finally 
u’—u=)>0i{ pi: d’bh,’}. (6) 


It is clear that the method of Lorentz, which 
permits separate evaluation of the local field 
factor components, >-’6h;, is preferable to the 
method of Ewald. It has therefore been used 
exclusively in the computations here reported. 


TABLE III. Homogeneous dislocation. 








In each box of this table are 13 items of information, placed as shown in the dummy layout at the head of the table 


These items are as follows: 


. Serial number for abbreviated reference. 
. Character of corresponding perfect cubic array: (J) 
or (F). 


No 


arbitrary integers which may have a different value 
in each of the equations in which they appear. 
Thus 7;’=n;, = ir;'=2n is satisfied by r;'=4, ro’ =1, 




































































3. Direction cosines of every dipole: pipops. vz'=1; Dir,’ =6. 
4. Components of the vector translation: v;v2v3 X (10)*. 8. Highest value of r? included in 3’é5h;’. 
5. Angle between p and v. 9. Total number of dipoles, =’ N, included in D’6h,’. 
6. Selection rule for r;’ of the undisturbed dipoles. 10, 11, 12. Last computed values of 2’5h,’, D’dh2’, D’dh;’. 
7. Selection rule for 7,’ of dislocated dipoles. 13. Stability factor, u’—u. 
Note: In 6 and 7 notice especially that »; and m are 
1 Bf 3 | 4 5 ; 
SEE Re Ferry rr er Pree re errr eee ‘Singha 
EE eer ere eT err ere 
8 9 | 10 | 11 12 13 
1 (J) | 100 | 100 0 0 | 0° 
7, =n; —_ 
r;’=n,+0.6; ro’ =n. +0.5; r3’=n3+0.5 
6.75 | 168 —0.72934 0 0 —0.72934 
2 (1) | 1/38 1/35 1/38 55 55 55 0° ore 
r;' =n; oy 
r;’ =n, +0.555 aps 
6.75 | 168s 0.27235 | 0.27235 0.27235 0.81704 
3 (F) | 100 | 100 0 0 | 0° | 
r;' =; fo’ =e or (M2+0.5); 73’=n3 or (m3+0.5); Tir)’ =n a 
r;'=n,+0.6; ro’ =e or (m2+0.5); 73’ =n or (n3+0.5); Dir,’ =n+0.1 =i 
65 | 320 | — 2.21452 | 0 0 —2.21452 
4 (F)} = 1/38.1/32 1/3 | 55 55 55 | O 
r;’ =n; or (nj; +0.5); iri’ =2n aon 
r;’ = (n;+0.055) or (n; +0.555); Dari’ = 2n4+1.165 —_ 
6.5 | 320~=—*| —0.62285 —0.62285 —0.62285 —1.86854 
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Table II] summarizes the results for a few 
cases in which the selected groups interpenetrate 
throughout, i.e., for homogeneous dislocation. 
The limits for >°’6h,’ are chosen in the perfect 
array so that 7’ rather than r” is the appropriate 
tabular entry in item 8. 

Three of the proposed dislocations result in 
magnetic instability (u’—u negative). The 
remaining case (2) has p parallel to [111] in an 
array derived from (J), and therefore disagrees 
with experimental results for iron, which it was 
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intended to simulate. It is concluded that this 
sort of dislocation is not promising enough to 
warrant further study. 

Table IV presents results for all possible types 
of slip considered in Tables I and II and, in 
addition, for columnar slip along <111> di- 
rections in (J) and along <110> directions in 
(F). We will examine the results to see if p is 
preferentially stabilized when parallel to [100] in 
(J) and to [111] in (F). 

Fig. 1 shows the individual values of u’—u 
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ANGLE BETWEEN Pp AND v 


Fic. 1. Stability factor (u’—w) for various types of slip in body-centered 
cubic (/) and face-centered cubic (F) arrays, plotted against the angle between 


magnetization and slip direction. 


plotted against the angle between p and v 
(item 5 in Table IV). Cases in which p is along 
[100] are marked with circles; cases in which p is 
along [111] are marked with crosses. Columnar 
slip is distinguished by a short line at 45° to the 
axes of the figure. The points with common 
abscissa are marked near the top of each set 
with J or F to indicate the corresponding cubic 
array. The first thing to notice is that the 
highest stability in each array corresponds to the 





“wrong”’ direction of p. To get a better idea of 
the average degree of stabilization for a given 
sort of slip we must assume a reasonable distri- 
bution for slip directions in a supposedly undis- 
torted crystal. Let us suppose that all slip 
directions of the allowed type, and all slip-planes 
for each slip direction are equally probable. We 
are then to find the mean value of u’—u, say 
u’—u. Table V presents the findings. In array 
(I) slip of any probable sort reduces the magnetic 
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TABLE V. Mean stability. 


Column 1. Character of perfect cubic array: (J) or (F). 

. Direction of p. 

. Direction of slip, general form <HKL>. 

. Kind of slip: columnar (C) or on planes of the 
specified form {hkl}. 

5. Numbers of cases in Table IV which are to be 

included. 
6. Mean stability factor u’—w. 


- WwW dS 











1 2 3 4 6 
(1) [100] <ili> (C) 9 —0.11422 
{211} 5,7 —0.16603 
1110} 6, 8 —0.14442 

[ii] <li> (C) 12,17 0 
{211} 10, 14, 16 0.13396 
1110} 11, 13,15 —0.00541 

(F) [100] <110> (C) 19, 21 0 
{111} 18, 20 —0.31013 

[111] <110> (C) 23, 26 0 
{111} 22, 24, 25 0.32490 








stability of the preferred direction of magnetiza- 
tion in iron. In array (F) the probable sort of slip, 
on {111} planes, has the proper sign for its 
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stability factor. As to the magnitude of the 
stabilization thus afforded, it depends upon the 
abundance of defects and upon the magnitude of 
each. Even for so serious a dislocation as that 
here assumed the maximum excess energy for any 
dipole (u’—u~1) corresponds to a controlling 
magnetic field of the order of (10)?. The excess 
energy density can hardly correspond to a 
controlling field one-tenth as great as this unless 
the slip-like imperfections are improbably nu- 
merous. 

In conclusion it appears that we have failed to 
account for magnetic stability of orientation in 
nearly perfect crystals as a consequence of simple 
sorts of dislocation in originally cubic arrays of 
parallel dipoles. As a by-product of the study we 
have discovered that local fields of the order of 
10 gauss may result from possible kinds of 
crystal imperfection, even if magnetic saturation 
is strictly maintained. This may be of some value 
in discussing the magnetic effects of cold-work in 
ferromagnetic crystals. 
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Propagation of Large Barkhausen Discontinuities IV.' Regions of 
Reversed Magnetization 


L. Tonks AND K. J. Sixtus, General Electric Company, Schenectady, New York 
(Received March 4, 1933) 


The relations existing at a stationary boundary between 
saturated and antisaturated magnetic phases in a stretched 
NiFe wire have been investigated and a theory has been 
developed. Experimentally, both the minimum reversed 
(stopping) field required to stop the propagation of a 
moving discontinuity as well as the flux and magnetic pole 
distribution in the stopped boundary have been deter- 
mined. Over the major portion of the boundary the pole 
field subtracted from the main field, and this demagnetizing 
field was found just to neutralize the excess of the applied 
field over the critical field. This confirmed the view that 
reversal in the wire proceeds only while the total field 
exceeds the critical field. A simple pole strength distribution 
which complies with this view was found to be one in 
which pole strength varies linearly with distance. Its 
demagnetizing field is approximately constant and checks 
the known excess fields reasonably well. Further refinement 
followed from recognizing that at the forward end of the 


boundary the pole field adds to the main field and is 
neutralized there by the stopping field. As a result, it was 
possible, given the excess field, the length of stopping coil, 
and the total change in induction, to calculate roughly 
the length of the boundary and the magnitude of the 
minimum stopping field. Certain details of the pole and 
field distribution under the stopping coil have been 
considered, particularly the expécted sharp increase in 
minimum stopping field as the main field approached the 
starting field for the wire. When first the main field and 
then the stopping field was removed, the boundary was 
found to remain in place without any major change. The 
theory accounts for the escape of such a stopped boundary 
when the magnetic fields were reapplied. Symmetrical 
regions of reversed magnetization have been formed, 
both “spindles” and “rings,” and some features of their 
behavior have been explained. 





1. Introduction. Previous discussion of this 
subject with the exception of a short note? under 
the present title has dealt exclusively with the 
propagation proper of large Barkhausen dis- 
continuities. The present paper, on the other 
hand, deals with the phenomena and relations 
involved in stopping a travelling discontinuity 
so that to one side of the boundary the nickel- 
iron untraversed by the jump is in the anti- 
saturated phase, to the other side which has 
been traversed by the jump the metal is in the 
saturated phase. 

The early observation that a self-propagating 
reversal of magnetization could be initiated at a 
point by a local adding field led to an inquiry 
into the effect of local opposing fields. It was 
thought, for instance, that by adjusting such a 
“stopping field’’ so that it was just able to halt 
the propagation, we might be able to ascertain 


1K. J. Sixtus and L. Tonks, Phys. Rev. 37, 930 (1931) 
will be referred to as I. II and III appeared in Phys. Rev. 
42, 419 (1932) and 43, 70 (1933), respectively. 


*7. Langmuir and K. J. Sixtus, Phys. Rev. 38, 2072 
(1931). 





the field near the front edge of the phase 
boundary. 

2. Experimental Method. The coil used to 
produce the “stopping field’’ was 1 cm long and 
consisted of 64 turns, 0.013 cm diameter, 
enameled copper wire wound directly on the 
nickel iron wire [No. 37 (15 percent) 0.038 cm 
diameter | which was, as in the earlier experi- 
ments (I, p. 934) surrounded by a glass capillary. 
The coil leads were twisted to avoid stray fields 
and were brought out through the end of the 
capillary tube away from the side of the stopping 
coil on which the discontinuity was being 
propagated. The field strength produced by a 
current of 7 amp. in the coil is H,,=80.37 
oersted at its center. The various coils were 
placed along the wire in the following order: 
adding coil, search coil I, stopping coil, search 
coil II. 

With the main field constant the magnitudes 
of the discontinuity at the two search coils were 
watched as /H/,, was increased. As long as the 
stopping field was below a certain value, both 
search coils indicated a full reversal of mag- 
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netization, but when this value was exceeded, no 
voltage was induced in coil II and the flux change 
indicated in I depended on its distance from the 
stopping coil. This shows that the phase bound- 
ary was halted. This value of stopping field will 
be called the minimum stopping field and will be 
denoted by Haro. 

3. Minimum Stopping Field. The minimum 
stopping field depends both on the length of 
stopping coil and the strength of the main field, 
as will be seen in Fig. 1 where //,,, is plotted 
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Fic. 1. Variation of minimum stopping field with main 
field for two stopping coils. Crosses indicate points on the 
theoretical curves (see Section 12). 


against 7 for a 2.5 cm stopping coil as well as for 
the 1 cm coil already described. It is interesting 
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that each curve conforms accurately to the 


formula 
Hywo=ki(H—Hy)!, (1) 


where /7 is, as usual, the critical field, and ; is 


practically inversely proportional to the coil 
length. Thus 


2.5 ko.5 = 8.90 =1.0 ky.9=8.38. (2) 


Since H,,. covers a distance so short that the 
field from the discontinuity itself can bridge it, 
the dependence of H,,, upon coil length is to be 
expected. On the other hand, the variation of 
H,.. with H must arise from the dependence of 
magnetic pole distribution upon /7. 

4. Flux and Pole Distribution. Poles occur 
where lines of induction leave the wire. The pole 
strength m per unit length is given by 


m= —dy/4ndx = —(a?/4)dB/dx, (3) 


where ¢ is the total flux and B is the induction in 
the wire. Thus from a knowledge of the flux 
distribution one can obtain the pole distribution. 
The flux distribution was measured by placing 
the search coil at a different point along the wire 
for each successive passage of the boundary, 
observing the ballistic deflection as a function 
of the coil position. An alternative method, 
which was used in certain later cases where the 
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Fic. 2. Flux distribution along a stopped phase boundary with different main 
fields. 




















PROPAGATION OF BARKHAUSEN DISCONTINUITIES 


boundary had to remain fixed, was to move the 
search coil rapidly from different points over the 
discontinuity to a point beyond it, again 
observing the ballistic galvanometer deflection. 

Fig. 2, obtained in the former way, gives the 
flux curves for three different values of main 
field. The curves as drawn apparently disregard 
experimental points near the front edge of the 
discontinuity. But, as has been pointed out 
before, the search coil, because of its finite size, 
gives an average value of flux over a short 
length of the specimen rather than the value at a 
point. The result is that the flux distribution, 
particularly at the front edge, is somewhat 
indefinite, so that the curves as drawn are 
probably not inconsistent with the experimental 
points. 

It is evident that the region of flux change, 
that is, the length of the discontinuity, is longer 
for the smaller values of excess field AH. The 
ordinates of each curve are equal to the flux 
emerging from the wire between the front edge 
and the ordinate under consideration, so that 
Eq. (3) permits the calculation of the pole 
strength per unit length at each point along the 
wire from the slope at that point of the corre- 
sponding flux curve. 

5. Pole Field and Excess Field. These poles give 
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rise to a magnetic field H, which will be called the 
pole field. It is readily seen that toward the front 
of the discontinuity this field, denoted by H,r, 
aids the reversal process, while toward the rear, 
as a demagnetizing field, H,p, it hampers 
reversal. On the hypothesis that reversal occurs 
as long as the total field at a point exceeds Hy 
(II, Section II, paragraph 2), we should expect 
that over the major portion of the jump this 
demagnetizing field is equal in magnitude to the 
excess field, that is, that 


H,»p=—AH. (4) 


The empirical curves of Fig. 2 make it possible 
to confirm this idea, but two factors require 
consideration before proceeding. First, the distri- 
bution of pole strength in the cross section of the 
wire is unknown. The concept of the jump 
developed in I, Section 8, contemplated a surface 
distribution only. We now know (III, paragraph 
6) that this picture is unsatisfactory, but 
calculation shows that an assumed surface 
distribution gives rise under the actual conditions 
to fields of practically the same magnitude as an 
assumed uniform volume distribution, so that it 
has been justifiable to use the former as the basis 
of calculation. 

The second factor is the variation of H, over 
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Fic. 3. Flux distributions and pole strength along a stopped phase boundary. 
The short dash lines show the equivalent simple pole distribution used for 


comparison with theory. 
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the cross section. Since curl H, is zero, any 
systematic difference between surface and axial 
value of H, would give rise to increasing radial 
fields along the length of the wire. It is clear that 
the pole distribution which we shall be led to 
assume cannot give rise to large radial fields, 
except perhaps at a few exceptional points, so 
that there must be essential constancy of H, over 
the cross section. Accordingly, the value of H, 
calculated for the axis has been used for the 
whole wire. 

The first step in an analysis of curves of the 
type shown in Fig. 2° was to make a plot, Fig. 3, 
of pole-strength against distance using the slope 
of the curves. The field at any point was then 
calculated in two parts, first that arising from a 
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triangular pole distribution whose graph would 
be the tangent to the actual distribution at the 
point; and second, the field arising from the 
differences between this simplified distribution 
and the actual one. The second field was calcu- 
lated approximately by dividing the pole distri- 
bution into portions lying at different distances 
and adding the separate contributions. The first 
field was calculated exactly from the formula 


mxdx 


m= f a 
(x?+a*)! 


qi 


(5) 


which gives the value of 7; at x =0. The assumed 
pole distribution was linear from m=0 at 
x=x,(<0) to me at xo. 
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Fic. 4. Pole field along a stopped boundary calculated for the 2.53 oersted case 


of 


Fig. 4 shows the result of such a calculation for 
the 2.53 oersted case of Fig. 3. The curve shows a 
tendency toward a constant value over a 
considerable portion of its extent. Thus, the 
value of #7, in this region is not so far from A/T 
that the hypothetical equality is impossible. 
Inhomogeneities in the wire appearing as vari- 
ations in Hy may easily contribute a large part of 
the observed discrepancy. 

6. Idealization of Flux Curves. A direct exami- 
nation of the curves of Fig. 2 reveals that they 
are significantly similar even though the excess 
field A/T varies from 0.085 to 0.89 oersted in that 
the ratios of the displacements back from the 
front edge for the same value of AB are inde- 
pendent of AB. Further analysis shows that m,, 
the pole strength per unit length, is proportional 
to AH 4, 


* Actually, the flux curves in Fig. 3 were made with a 
different sample from the same ingot as used for Fig. 2, 
and a 1 cm instead of a 2.5 cm stopping coil was used. 


Fig. 3 





This checks roughly with the concept de- 
veloped thus far. If we denote the length of the 
stopped jump by A in order to have a distance 
fixing dimensions, we have m, «<)~!. Coulomb's 
law gives roughly H,«d-*, whence it follows 
that m,«TH/,*, Since, on our hypothesis, //, 
equals —A//, we thus expect m, « AH] 5, 

7. Theoretical Pole Field Calculation. The fact 
that the curves of Fig. 2 approximate rather 
closely parabolas gives the hint which makes it 
possible to develop a general theoretical treat- 
ment of the stopped discontinuity. The parabolic 
flux distribution implies, according to Eq.(3), a 
linear pole strength distribution from zero at x), 
the rear end of the jump, to a peak value, say 
Me at x2, the front end. Formulas for magnetic 
field for points in the neighborhood of flux 
variation can be found from Eq. (5) by the proper 
assignment of limits. For points not too close to 
the ends of the pole distribution, the following 
formulas apply. Behind the reversal, that is, to 
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the left in the figure, where x. >x,>0, 
H,=me2[1/x2+(1/Ax) In x1/x2]; (6) 
within the reversal where x2 >0>%, 
H,=me2[1/x2.+(1/Ax) In a?/4(—x1)x2]; (7) 
before the reversal where 0>x2>%), 
Hy =me[1/(—x2)+(1/Ax) In x2/x1]; (8) 


where Ax =x2—4%}. 

By using Eq. (7) the triangular pole strength 
distribution, shown at A in Fig. 6a, was found 
to give the pole field distribution traced by 
Curve A of Fig. 6b. The broad flat maximum 
demagnetizing field which extends over the 
major portion of the discontinuity is notable. 
The application of this result to the actual 
curves of Fig. 2 gave good enough checks 
between calculated and observed excess fields to 
confirm the view that the reversal process stops 
only when the total field falls to the critical value 
and to suggest making a more detailed analysis 
which would take the stopping field into account. 

8. Extension of the Phase Boundary Under the 
Stopping Coil. Since the stopping coil was wound 
directly on the nickel-iron wire under test, the 






































Hp 
A i\ 
t 
H -_ 
. Es i t\ 
Ho — as ae oe oe oe + | \ -_——— 
| i IN 
o—~ = 
\ H N P] IQ R 
Hp— 
Hsto 
| 
Distance along wire —> ; 
B 
H Hm=H +Hsto+ H 
m sto Pp 
yan =m 
aii 
Hstot Hp 
-Ho-----— 








Fic. 5. Schematic field distribution including stopping and 
pole field. 
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transitions in field impressed upon the wire were 
very sharp. This distribution of impressed field is 
shown by the H+H,.. curve of Fig. 5A, where 
the outer light vertical lines represent the extent 
of the stopping coil, and the field distributions 
are shown shifted slightly for greater clarity. In 
order that the stopped discontinuity should be 
able to advance upon an infinitesimal reduction 
of the stopping field, reversal must have occurred 
under the coil. This conclusion is borne out by 
the flux curves of Fig. 2. This in turn means that 
in the reversed portion of the region controlled 
by the stopping coil, the pole field, cooperating 
with the main field, must exceed the stopping 
field H,.. by an amount equal to Ho. Ideally, 
then, the pole field can be expected to have the 
distribution shown by the continuous curve H, 
in Fig. 5A. 

9. Theoretical Pole and Field Distribution in 
Detail. A distribution of pole strength which 
would cause a field distribution approximating 
that of Fig. 5A is shown in Fig. 6a. For simplicity 
in calculation, the constants were chosen as 
given on the figure, namely: 


msz=1, Ax4 =10 cm, Axg=1 cm, a=0.020 cm. 


Fig. 6b shows the fields arising from both A and 
B pole distributions separately as well as the 
combined field. The latter appears on inspection 
to be a fair approximation to that required 
theoretically. Further consideration shows that 
only a slight redistribution of pole strength 
would result in a very much closer agreement. 
For instance, to displace the field curve to —1 at 
x= —0.5 cm, an additional linear distribution of 
pole strength from zero at x= —1 to 0.1 my at 
x=0 would suffice, and this involves only 1 
percent of the total induction change associated 
with the A region. 

Although this readjustment, together with 
another in the B region near x =0 may be small, 
the result may be an appreciable change in the 
values of the forward fields relative to the 
backward ones. 

10. Theoretical Equations for Pole Fields. Let 
us, nevertheless, proceed with the simple tri- 
angular pole strength distribution, using both 
maximum reverse and maximum forward fields, 
H,p and Hyp, respectively, for the constant 
pole fields which we suppose to exist over regions 
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Fic. 6. Pole field distributions for idealized stopped boundary taking the 
stopping field into account. 


A and B of Fig. 6. Our former assumption, 
leading to Eq. (4), may be stated in the form: At 
a phase boundary the sum total of all fields is 
Hy. This gives the equation 


Hyr= —H..9—-H+Hy= — Hy.o—AH (9) 


for region B. Thus the discontinuity which was 
assumed in Fig. 6 is one arising in an excess 
field of 1.09 oersteds with a 1 cm long stopping 
field of —(7.52+1.09) = —8.61 oersteds. 

The field H,p was found from Eq. (7) by the 
ordinary method for finding a maximum, any 
contribution from region B being neglected since 
Ax,>Axp,. For simplicity we have substituted 
me/a=p, Axa/a=xa, Axp/b=xp, obtaining 


H pp = —(u/xa)(2 In x4 — 1.603). (10) 


The field Hr is made up of two contributions, 
one from region A given by Eq. (8), and one from 
region B given by Eq. (7). The maximum of this 
forward field is 


Hr =(uxe)[2 In xe 


+(xae/xa) In xp/(2xa+xe)], (11) 


a correction of the order xz/2(xa+xx) being 


neglected. Finally, we note that 


w=AB/2(xa4+xa)- (12) 


11. Calculation of Ax,, m2, and H,1.. Using Eq. 
(4) in a simultaneous solution of Eqs. (10) and 
(12), and neglecting x,?/4 in comparison with 
x4”, one obtains 


xa =[(AB/AH) (In x4—0.8) J}—xp/2. (13) 


Thus, given xz, which corresponds to the length 
of the stopping coil, as well as AB and AH, then 
x4 can be calculated by successive approxi- 
mations. Following in sequence, Eq. (12) yields 
au, Eq. (11) Hyer, and Eq. (9) Hero. Axa and mz 
follow immediately from x4 and uz. 

First let us apply these formulas to the data of 
Fig. 1. Here a=0.019 cm, AB=38,000 and Ho 
= 2.33. The stopping coils were 1 and 2.5 cm 
long, respectively, giving 1/0.019=52.6 and 132 
for xz. The theoretical results are plotted as 
crosses on Fig. 1. They are seen to agree as 
closely as can be expected in view of the ap- 
proximations of the theory. The major portion of 
the discrepancy in the case of the 1 cm coil can be 
ascribed to considerations to be developed in 
Section 12. 
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The length of the boundary was not measured 
in these cases, but Fig. 3 presents two instances 
in which both Ax, and m appear. Here a, AB, and 
Hp» were the same as before, and xz=52.6. The 
results of the calculations are shown in Table I. 











TABLE I. 
Ax4 mo 
H AH XA m calc. obs. calc. obs. 
2.53 0.20 1054 17.22 200 17.5 0.33 0.38 
3.22 0.89 452 39.7 8.6 86 0.75 0.69 








For comparison, the corresponding quantities, 
as nearly as they could be determined by re- 
placing the pole-strength distribution curves of 
the figure by straight lines, are listed as ‘‘ob- 
served.’’ Here, too, the check is reasonably good. 
The experimental results themselves were vari- 
able to almost as great an extent as the calculated 
and observed values differ. For instance, the 
H=2.53 curve of Fig. 2 shows a Ax, of 15.2 cm 
against a calculated 19.3, so that although this 
calculated value is only 3 percent less than for the 
almost identical condition of Fig. 3, the observed 
value is 13 percent less. 

12. Details of Pole and Field Distribution. A 
closer analysis of the considerations which led to 
the pole field distribution of Fig. 5A shows that 
this must be modified by having reversal extend 
only up to P rather than to Q. In the first place, 
the reasonable assumption relating the progress 
of magnetic reversal to total field is that, once 
reversal has been initiated in a cross section, it 
proceeds continuously in such a way as to 
prevent the total field H,, from exceeding Hp. 
Neither can the total field fall below Ho, for 
reduction of the forward field at a point occurs 
only through a reversal embracing that point, and 
if the field is already Ho this reversal will not 
occur. Reversals which do not include that point 
increase the forward field there. It follows that 
wherever any reversal has occurred, and that is 
wherever any magnetic poles are present, the 
total field has the value Ho, a view which has 
already been substantiated for the tail of the 
discontinuity in Section 7. That it is impossible 
to have enough pole strength extending up to Q 
to maintain the field at Ho and yet not to give 
large fields beyond Q is seen from Fig. 6. 


937 


A possible configuration is one in which 
reversal extends up to some point such as P. A 
strictly triangular pole distribution leads, as 
Fig. 6 shows, to a falling of H,, below Ho to the 
left of P. On the other hand, a rectangular pole 
distribution in this neighborhood would give a 
maximum value of H,, at P. Accordingly, some 
intermediate steepening of the pole distribution 
curve can well give constant H,,=H» up to P 
with a decrease beyond. 

But a further modification in one detail is 
necessary. Experiments to be described in a later 
paper show that not only is a field larger than H) 
required to initiate reversal, but also that, once 
initiated, the saturated phase will not grow 
longitudinally unless the local field at the 
extremity of the boundary exceeds a value H,), 
greater than Hp». In the present case this means 
that for the boundary to have reached P, the 
total field at P must be H,,, while behind P it is 
Hy. Literally taken, this discontinuous field 
distribution is impossible, for there must be 
limits to the sharpness of the transition required. 
In any event, this local requirement does not 
affect the general considerations which necessi- 
tate that the boundary shall not extend up to Q. 

How far back from Q the extreme point P of 
the boundary lies is determined by the condition 
that at Q the sum of H, and H shall be less than 
H,,. Thus the greater H, the greater PQ, for the 
smaller must H, be at Q. But another factor 
augments this effect, and that is the decrease in 
Ax, and increase in mz. The modification of the 
field distribution which is made necessary by the 
incomplete penetration of NQ by the saturated 
phase is shown by the broken lines of Fig. 5. 

This incomplete penetration may account for 
the marked excess in Fig. 1 of the observed 
stopping field over the calculated for the case of 
the 1 cm coil. The distance PQ is undoubtedly a 
larger fraction of the 1 cm than of the 2.5 cm coil. 
Noting that the second term in the brackets in 
Eq. (11) is considerably smaller than the first, it 
follows that H,r increases as xz decreases so that 
it will be relatively greater for the 1 cm coil. It 
will also be true that the smaller H,,r is, the 
smaller PQ will be, and the more accurate should 
be the calculation of H,,.. This would explain the 
better agreement at /7= 2.43 on the 1 cm curve 
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between theory and experiment than at higher 
values. 

Since equality of total field to starting field at 
Q is one of the conditions for just stopping the 
jump, a sharp increase in H,:. occasioned by the 
necessity for keeping P further from Q is to be 
expected as H approaches the starting field. Yet 
in Fig. 1, where H at its maximum is very close to 
the starting value, no such tendency is to be seen. 
This is undoubtedly due to the fact that the 
starting field for the wire as a whole is the field 
which can reverse the most easily reversible 
portion, whereas the starting field at the end of 
the stopping coil may have been far larger than 
this. The expected increase was found in an 
experiment performed at a point for which the 
starting field had the minimum value. In this 
case the stopping vs. main field characteristic 
showed an increasing slope as the starting field 
was approached. 

When #7 lies considerably below the starting 
field at the stopping coil, P probably lies close 
enough to Q so that small changes in PQ are 
sufficient to compensate relatively large changes 
in HT because of the large space variation of H, 
here. It follows that the magnitude of the 
stopping field is little affected by the value of 
starting field under these conditions. 

13. Special Experiments. Some tests have been 
made on the effect of local changes in field 
strength on the shape of the stopped boundary, 
but these experiments have not led to any 
significant conclusions. 

The successive removal of first the main field 
and then the stopping field from a stopped 
discontinuity left it practically unchanged so far 
as tests with a search coil could determine. But 
reapplication of these fields in reverse order 
resulted in its escape down the wire. The field 
theory which has been developed explains this 
behavior. Removal of the main field left the total 
field over most of the reversal region negative, 
equal to — AH, less than Hy in absolute value, and 
therefore unable to restore any of the magnetiza- 
tion to its original orientation. This is represented 
by the H,,.+H, curve of Fig. 5B. Only in the 
small unpenetrated portion PQ was —TH» ex- 
ceeded, but as the wire was still antisaturated 
here, this field, too, was without effect. Subse- 
quent removal of the sfopping field left H, alone 
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(Fig. 5A), and rendered the full excess of H, over 
HH, effective in creating new reversals beyond P. 
It is certain that the forward pole field caused 
reversals to the left of NV and to the right of Q so 
that this field fell finally to the constant value JZ) 
over most of this interval. The extension of the 
saturated phase past Q permitted further con- 
tinuous reversal when the main field was re- 
applied. 

14. ‘“‘Frozen Spindle.’’ Experiments like those 
already described in which the moving dis- 
continuity is arrested have been extended in 
several ways. 

A magnetic reversal moving from left to right 
was stopped near the middle of the NiFe wire by 
a stopping field. Another reversal was initiated in 
the unchanged half of the wire and it progressed 
from right to left until it, too, met the stopping 
field. This left the flux distribution to the left of 
the stopping coil unchanged and gave rise to a 
distribution of flux symmetrical about the stop- 
ping coil. Such a region is, of course, shorter, the 
greater the excess field. Using the picture of the 
phenomenon developed in I, p. 950, we should look 
upon the unreversed portion as spindle-shaped, 
and we shall use the term even though we may be 
compelled to abandon the old concept. 

The spindle-shaped region just described pre- 
sumably occupied almost the whole wire cross 
section at the stopping coil because the stopping 
coil was capable of completely halting the 
discontinuity. But if the stopping field was then 
reduced, further reversal occurred and the spindle 
shrank. Another method, and one frequently 
used, employed a second coil—a holding coil— 
which was placed to the left of the stopping coil. 
After the discontinuity moving to the right had 
been stopped, a field opposing the main field was 
produced in the holding coil, and then the 
stopping field was removed. This allowed the 
portion of the discontinuity between the two 
coils to propagate, but it left an incompletely 
reversed region symmetrical about the holding 
coil. 

Fig. 7A shows the flux distribution in such a 
region. The positions of stopping and holding 
coils are shown. The asymmetry with respect to 
the holding coil arose from the circumstance that 
the holding field of 16 oersteds was considerably 
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Fic. 7. A. Flux distribution in a “frozen spindle.” B. Influence of holding field 
on the flux in the spindle. 








larger than the minimum required to prevent any 
reversal to the left. 

A rough application of the magnetic force 
relations to the present case along the same lines 
as pursued for the stopped discontinuity indicates 
that the flux maximum should lie within the 
holding coil, although it may be displaced from 
the center. The flux maximum is the point where 
the pole strength passes through zero, from north 
to south, with a resulting forward pole field 
aiding H. Consequently the holding field must 
embrace this point, and why it fails to do so here 
is not known. 

It is possible, however, roughly to explain the 
way in which the holding power of the coil varies 
with its field as shown in Fig. 7B. This is a plot 
of the flux in the spindle cross section at 46 cm 
as a function of holding field. If the holding field 
is small, much reversal occurs when the stopping 
field is taken off. Only when the holding field 
exceeds 11 oersteds is the full discontinuity 
retained. 
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Fic. 8. Schematic pole strength distribution in a ‘‘frozen 
spindle.” 


An idealized pole strength distribution for this 
case is shown in Fig. 8. The demagnetizing field 
under the holding coil, that is, from S to T, is 
proportional to NS and is equal to the holding 
field 77, less the excess field. Thus as HJ, is 
decreased, NS changes proportionally to H, 
—AH. As N changes position, the slope of IN 
remains essentially constant, since it is deter- 
mined by the excess field. A new configuration for 
the distribution would thus be M’N’P’Q’. It thus 
appears that the area in the NS triangle, which 
is practically the flux plotted in Fig. 7B, is 
proportional to the square of H7,—AH. Exami- 
nation of this figure yields a variation more 
nearly proportional to the third power, but a 
discrepancy in this direction is to be expected 
because the search coil links smaller and smaller 
fractions of the induction as the length of the 
spindle shortens. 

15. “Spindle” in Zero Field. Here again the 
successive removal of the main field and the 
holding (or stopping) field leaves the spindle 
apparently almost unchanged. Experimentally, a 
readjustment of roughly 1.percent was noted and 
theoretically a not inconsiderable reversal de- 
creasing the slope of NP must occur. But again 
this takes place over such a short length of the 
wire as to be almost undetected by the search 
coil. 

16. ‘Frozen Ring.”’ In other experiments re- 
versal has been initiated by a favorable local 
field in an opposing or zero main field to create, 
presumably, “ring-shaped”’ discontinuities, and 
these, too, persisted after removing all impressed 
fields. In this case, when zero main field was used, 
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30 the reversal was concentrated in a comparatively 


short region, because the process of extending 
that portion required the maintenance at the 
/\ boundary edge as it advanced of a pole field 
equal to the starting field. As a result, the 
removal of the local field allowed large de- 
magnetizing pole fields to become operative 
- , «a which reduced the maximum flux change greatly, 
10 ¥, as shown in Fig. 9. 
These experiments, together with one in which 
a moving boundary was halted in full flight by 
, ii simply opening the main field circuit, were used 
a 46 48 50 52 54 in connection with etching tests designed to give 
Distance along wire incm. the cross-sectional distribution of magnetic re- 
Fic. 9. Curve 1. Flux distribution in “frozen ring” with yersal. These will be dealt with in a later 


local field on. Curve 2. The same after the removal of the 
local field. paper. 
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Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 
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wentieth of the preceding month; for the second is- 
sue, the fifth of the month. The Board of Editors does 
not hold itself responsible for the opinions ex- 
pressed by the correspondents. 


The Isotope Effect in the Lyman Series of Hydrogen 


By using water containing a high concentration of the 
hydrogen isotope H?, six members of the Lyman series of 
hydrogen have been observed as close doublets. Plates 
were taken in the first and second orders of a 3 meter 
grazing incidence vacuum spectrograph. As a source we 
used a discharge tube similar to that designed by C. R. 
Jeppesen of this department (to be described in a subse- 
quent number of this journal). In a small side tube was 
placed a drop of ‘‘heavy”’ water. Water vapor was allowed 
to leak through a small capillary into the discharge tube 
where it was dissociated by the discharge, liberating 
hydrogen gas. The gas diffused through the slit into the 
main tube of the spectrograph, but pumping speeds were 
great enough to maintain a pressure of 10~* mm Hg in the 
spectrograph while the pressure in the discharge tube was 
several mm Hg. The discharge was excited by a 25 kv 
Thordarson transformer. 

The first six members of the series were photographed in 
the first order. The first four of these were sufficiently 
intense to be reproduced in Fig. 1. The first member of the 
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series was photographed also in the second order, against 
iron standards put on the plate by sending light from an 
iron arc through a quartz window on the end of the 
discharge tube. This second order doublet also is shown in 
Fig. 1. Microphotometer records show the H! component 
to be partially self-reversed. The relative intensity of the 
doublet lines is about 2: 1, the H' component being the 
stronger. This is due to the dilution of the H? in the 
original sample of water by H! present in the aluminum 
electrodes, the walls of the tube, etc. In the original 
sample the ratio of H? to H! was about 2 : 1. It is interesting 
to notice that the H! component is broader than the H? 
component. This agrees with the theory of broadening of 


lines due to the Doppler effect, according to which the H! 
line should be 1.41 times as broad as the H? line. 

The theoretical wave-lengths of the first six members of 
the series were computed following Penney.' Houstoun’s* 
value R(H')=109,677.76 cm was used. The isotopic 
wave-length shifts and the wave-lengths of the H? lines 
were calculated by explicit formulas kindly furnished by 
Professor R. T. Birge. With Bainbridge’s* value for the 
atomic weight of H?*, R(H*)=109,707.56 cm. The 
experimental values of AX were obtained as follows: for 
the first member of the series, from direct comparison with 
iron standards, for the other five members, from dispersion 
values obtained by using the computed wave-lengths of the 
H! lines as standards. All these values are listed in Table I. 











TABLE I. Wave-lengths and frequencies of lines in the 
Lyman series of H' and H?. 
AA AX 
Calcu- Ob- 
\(H!) vac. v(H!) \(H?) vac. lated served 
1215.664A 82,259.57cm™ 1215.334A 0.330A 0.330A 
1025.718 97,492.71 1025.439 0.279 0.276 
972.533 102,824.31 972.269 0.264 0.266 
949.739 105,292.07 949.481 0.258 0.262 
937.800 106,632.59 937.545 0.255 0.274* 
930.744 930.491 0.258 





107,440.88 0.253 


Good agreement was obtained between theoretical and 
measured values of AX except for one case. The fifth 
member of the series, marked with an asterisk, gave an 
experimental value of Ad larger than that predicted. This 
doublet was found difficult to measure, probably because of 
the presence of a faint line near one of its components. 

We acknowledge with pleasure the generosity of Pro- 
fessor G. N. Lewis of the Chemistry Department in 
furnishing us the ‘“‘heavy"’ water used in this work. 

STANLEY S. BALLARD 
H. E. WHITE 
Department of Physics, 
University of California, 
May 3, 1933. 

1 W. G. Penney, Phil. Mag. 9, 661 (1930). 

2\W. V. Houstoun, Phys. Rev. 30, 608 (1927). 

3K. T. Bainbridge, Phys. Rev. 41, 115 (1932). 
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Disintegration-Experiments on Elements of Medium Atomic Number 


In view of the drastic revision in the theoretical treat- 
ment of the penetration of nuclei by charged particles 
which is necessary if nuclei of medium and high atomic 
number are disintegrated by protons having energies of 
only a few hundred kilovolts, we have endeavored to verify 
the observations reported last year by Cockcroft and 
Walton.! Using a mixed beam of protons and hydrogen 
molecule-ions with currents exceeding 10uA to the target 
at voltages between 550 and 620 kilovolts (obtained with a 
one-meter electrostatic generator of the type devised by 
Van de Graaff) we have measured by means of a linear 
pulse-amplifier the number of alpha-particles (and protons) 
of range exceeding 16 mm which are emitted by targets of 
Al, Ni and Ag. The geometrical arrangement and dimen- 
sions of target and windows are nearly identical with 
those described by Cockcroft and Walton. A shutter ahead 
of the target and window eliminates possible spurious 
effects due to electrical disturbances affecting the amplifier 
or to radioactive contamination, all records being made in 
the sequence target-shutter-target-shutter with no changes 
in voltage, current, or other variables when the shutter is 
closed for the residual count. We selected Al, Ni and Ag, as 
representative of the heavier elements for which dis- 
integration-counts were reported by Cockcroft and Walton 
(we had previously checked their later observations on Li 
and B).? Where they report (as “‘order of magnitude only’’) 
135, 35 and 50 scintillation-counts per microampere per 
minute at 300 kilovolts we observe 0.2, 0.8 and less than 0.1 
alpha-particle per microampere per minute through the 
window at 600 kilovolts for Al, Ni and Ag, respectively. 
The range of these particles was found within experimental 
error to be the same as that of the short-range (about 27 
mm) particles observed from a boron target in the same 
apparatus, which gave a yield of 6600 alpha-particles per 
microampere per minute. The observed yields from Al, Ni 
and Ag can thus be explained by boron impurities of 
amounts 1/33,000, 1/9000 and 1/100,000 in these targets. 
Contamination to this extent by boron is certainly to be 
expected unless severe precautions are taken. The counts 
on Al and Ag are near the limit of detection with proton- 
currents of 10 to 20 microamperes. It should also be stated 
that a small number of very fast protons could perhaps have 


escaped notice, since the amplifier was set for convenient 
recording of alpha-particles and heavier fragments. We 
have no suspicion of such disintegration-protons, however. 
For these observations a minimum stopping-power of 16 
mm was adopted, since the 600-kilovolt primary protons 
have a range of 12-13 mm. (It should be emphasized that 
roughly 10° protons per second are scattered 90° through 
the 10 mm diameter window.) The absolute yield for boron 
in these observations is only 1/9 of the absolute vield (one 
alpha-particle per 4 x 10° protons and Hz: ions) observed by 
us in January 1933 with the use of a stopping-power of 12 
mm. The reason for this discrepancy, which in no way 
invalidates the comparisons for Al, Ni and Ag, is obscure, 
but it may be in part due to the difference in minimum 
stopping-power and in part to a possible overestimate of 
the yield in our January results, which assumed a uniform 
distribution of the beam over the target-area. There is thus 
no evidence in our observations that disintegration-protons 
or alpha-particles of range exceeding 16 mm are produced 
when Al, Ni and Ag targets are bombarded by 600- 
kilovolt protons. These results were reported at the meeting 
of the Physical Society last week, and in preliminary form 
were presented March 25 before the Philosophical Society 
of Washington. 

The above data were unexpectedly obtained with targets 
of quite ordinary purity, although the first aluminum 
target used gave a somewhat higher number of counts. The 
observations will be extended, particularly with view to 
observing possible shorter-range particles (necessarily at 
lower voltages). Housing is under construction for our 2- 
meter generator, which should also enable us shortly to 
carry these observations up to 1400 kilovolts or higher. 

M. A. TUvE 
L. R. HAFstap 
O. DAHL 
Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
May 5, 1933. 

1J. D. Cockcroft and E. T. S. Walton, Proc. Roy. Soc. 
(London) A137, 229-242 (1932). 

2 J. A. Fleming, Science 77, 298-300 (1933). 


Occurrence of CuAl, in Duralumin 


The producer of airplane propeller blade forgings as 
well as the manufacturer and user of propellers is vitally 
interested in their performance. The superiority of the 
aluminum alloy propeller over the wood propeller it 
replaced is uncontested. Failures have been relatively few, 
but as long as any occur, every effort must be expended to 
reduce their number. In the majority of instances, failure 
has been found to be definitely the ultimate result of 
progressive damage accidentally initiated some time prior 
to the failure. The few cases where initial mechanical 
damage was not evident emphasize the desirability of 


being able to recognize and follow such progressive 
damage by some nondestructive test. This desideratum 
prompted a hopeful and careful consideration of the 
observations reported by Clark and Smith.! Drs. Clark and 
Smith reported the presence of diffraction lines attributable 
to CuAl, in x-ray patterns from a duralumin-type alumi- 
num alloy aircraft propeller blade. The blade had been 
in service for an unusually long period of time. They 
postulated that the presence of CuAl, lines indicated 


! Clark and Smith, Phys. Rev. 43, 305 (1933). 
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precipitation of this compound during service through the 
action of “‘the peculiar combination of forces existent in 
propeller blades.” It is felt that attention should be called 
to certain factors which must be considered in evaluating 
Drs. Clark and Smith’s observations. 

Commercial heat treated forgings of 25ST alloy normally 
contain excess undissolved CuAl, which can be readily 
identified microscopically before as well as after being 
subjected to service conditions. Obviously this undissolved 
CuAl: will give rise to diffraction lines in x-ray patterns 
from such material. The amount of undissolved CuAl, will 
vary with the copper content of the alloy, with the period 
of time and temperature of heat treatment and with the 
total reduction in sectional area from ingot to finished 
forging. The presence of CuAl, lines in diffraction patterns 
from 25ST alloy propeller blades cannot, therefore, be 
accepted as evidence of precipitation brought about by the 
service conditions. 

The experience in these laboratories with both micro- 
scopic and x-ray diffraction methods of examining pre- 
cipitated phases indicates the former to be somewhat the 
more sensitive in detecting the initial stages of precipitation 
while the diffraction method, when sufficient precipitated 
phase is present, gives the most satisfactory means of 
establishing the identity of the phase. In the present 
investigation the microscopic method would seem especially 
applicable inasmuch as it is capable of differentiating 
unquestionably between precipitated and undissolved 
CuAl,. Careful microscopic examination in these labo- 
ratories of used propeller blades as well as numerous 
fatigue test specimens indicate no visible structural 
changes as a result of extended periods of service or large 
numbers of stress reversals regardless of whether or not the 
stress was great enough to cause ultimate failure. 
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Diffraction lines attributable to precipitation of CuAl, 
from supersaturated solid solutions of copper in aluminum 
have been noted only after aging treatments such that the 
mechanical properties have been decidedly affected. It is to 
be expected that if service conditions are such as to bring 
about precipitation of CuAl, identifiable by x-ray diffrac- 
tion means, the mechanical properties should show the 
effect of this precipitation as they do when precipitation is 
brought about to a similar extent at elevated temperatures. 
Such, however, has been found not to be the case. Determi- 
nations on a number of blades which have been in service 
for long periods of time indicate no change in mechanical 
properties at all comparable with the changes brought 
about by precipitation at such elevated temperatures as to 
render CuAl, visible by diffraction methods. It is recog- 
nized, of course, that quantitatively the effects might differ 
appreciably, depending on the manner of bringing about 
precipitation; qualitatively, however, the effects should be 
the same. 

A method of inspection capable of detecting and 
following progressive deterioration of materials is ex- 
ceedingly to be desired. It is conceivable that the pro- 
gressive rejection of CuAl, by the supersaturated aluminum 
solid solution under stress, if it occurred, might form the 
basis of a means of following progressive changes in 
mechanical properties. It must, however, first be un- 
deniably demonstrated that such precipitation does take 
place under the action of stress alone. Also the relationship 
between such effects and the various mechanical properties 
must be established. 

L. W. Kempr 

Aluminum Research Laboratories, 

Aluminum Company of America, 
May 9, 1933. 


The Spectrum of MgF 


Two band systems are known! for this molecule, the 
heads of the 0,0 bands occurring at \3594 and \2689. 
According to Jevons, the first of these represents the 
“II, 2X resonance system analogous to that known for the 
other alkaline earth fluorides. The second, he has sug- 
gested, may be a “II, *II transition, having no state in 
common with the first system. Observations on these 
systems under high dispersion have been made entirely 
with the emission spectrum from the arc. In absorption, 
under low dispersion, the spectrum has been studied by 
Walters and Barratt? who list a large number of absorption 
bands between \3659 and \3261. The strongest of these 
bear no relation to the \3594 system known in emission, 
either in position or direction of degradation. This dis- 
crepancy has been commented on by Johnson.* 

We have now obtained spectrograms in the first and 
second orders of the 21-foot grating showing the absorption 
of MgF vapor contained in a steel tube 80 cm long heated 
to 1150°C. The continuous spectrum from a hydrogen 
discharge tube was used. These plates show, besides a few 
atomic absorption lines, three band systems, two of which 


are those mentioned above. The third consists of a single 
sequence of unusual structure, with heads at \A2276.72 (3) 
2275.86 (5) 2275.29 (6) 2274.93 (10), degraded to shorter 
wave-lengths. Obviously the latter system cannot be 
definitely attributed to MgF without further study, but 
the fact the only other bands observed are due to MgF 
renders this assignment probable. We conclude that the 
measurements of Walters and Barratt represent chiefly 
bands or lines of extraneous origin. 

Since the system at 2689 comes out strongly in ab- 
sorption, its lower state must be the *Z normal state. 
Hence it appears certain that this is the analogue of the 
2y, *E system known for CaF, SrF and BaF.‘ The spin 
doubling must be too small to produce a resolvable doubling 
of the heads. 


1 W. Jevons, Proc. Roy. Soc. Al22, 223 (1929). 

20. H. Walters and S. Barratt, Proc. Roy. Soc. A118, 134 
(1928). 

°>R. C. Johnson, Proc. Roy. Soc. A122, 199 (1929). 

‘F. A. Jenkins and A. Harvey, Phys. Rev. 39, 929 (1932). 
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Some interesting modifications of the intensity distri- 
bution in the bands appear when the absorption spectrum 
is compared with the arc spectrum. In the \2689 system, a 
distinct minimum of absorption is observed at \2688.38, 
in the 0,0 band, which probably represents the band origin. 
The partially resolved rotational structure is simple, and 
of the type expected for a *2, *= band. In the ?II, 22 system 
at \3594, each band has three heads, and in absorption 
the successive bands of a sequence fall off in intensity more 
rapidly with increasing v than in emission. Also, the third 
head (A3588.224 in the 0,0 band) is greatly strengthened in 
absorption relative to the first two (AA3592.843, 3594.243). 
This is consistent with the interpretation of the three 
heads as belonging to the P;, P2 and Q: branches, in order of 
increasing frequency. This is analogous to the case of the 
BeF bands‘ except for the direction of degradation. The 
lower temperature conditions in absorption favor the Q2 
branch, which occurs at a low rotational quantum number. 
With this structure, it is evident why previous estimates 
of the electronic doublet separation in the *II state have 
disagreed,’ since they were deduced from measurements of 
the heads only. The 0,0 band shows in absorption a 
minimum at 3592.29, which can be interpreted as the 
origin of the low-frequency component. The best estimate 
of the doublet separation we can give at present is the 
separation of this minimum from the Q2 head, giving 
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A =-—31.6 cm~. It is hoped to obtain more quantitative 
results, utilizing the partially resolved rotational structure 
by methods similar to those applied by Harvey® in the case 
of CaF. 

Magnesium has isotopes of masses 24, 25 and 26 in the 
abundance ratio 7 : 1 : 1. Two very faint heads have been 
found, at AA2636.84, 2637.30 adjacent to the 1,0 head of the 
\2689 system, which agree within the error of measurement 
with the positions expected for the heads of the Mg *F and 
Mg **F 1,0 bands. We expect to obtain plates showing 
stronger absorption to confirm this result. Experiments 
are now in progress on the absorption of BeF, in order to 
decide if possible the question of the existence of the 
isotope Be’. The evidence for this isotope has recently been 
questioned, and the absorption spectrum should furnish the 
most sensitive test for its presence. 

F. A. JENKINS 
RAFAEL GRINFELD* 
Department of Physics, 
University of California, 
May 5, 1933. 





°F, A. Jenkins, Phys. Rev. 35, 315 (1930). 
6 A. Harvey, Proc. Roy. Soc. A133, 336 (1931). 
* Fellow of the Rockefeller Foundation. 


The Metastable *D-Level of the Nitrogen Atom 


The nitrogen atom (N I) has three low levels, the 4S, 2D 
and ?P, all of which converge to the *P term of the N* ion. 
The first of these, the 4S term, is the ground state and its 
value is known accurately; the 2D and ?P terms are 
metastable and the separation of the doublet terms in 
each case has been estimated' but not experimentally 
verified. Each of the three levels corresponds to an electron 
configuration of 2s?2p*. The higher ?P term (23s) combines 
with the ?D term with the emission of a doublet at 1495 
and 1492A. Since the *D level is a metastable one, it is 
possible to obtain these lines as absorption lines and 
through self-reversal to measure accurately the doublet 
separation 7D.—?D\. 

A spark of about 1 mm length was produced between 
metal electrodes (aluminum, copper) in flowing nitrogen at 
‘atmospheric pressure. The spark was placed from 6-10 mm 
in front of the fluorite window of a Hilger vacuum spectro- 
graph whose dispersion is 2A per mm at 1500A; the ex- 
posure time varied from 1 to 4 minutes and the photographs 
were taken on Schumann plates made by Hilger. A 
photographic enlargement of the 1495-1492A doublet 
(Fig. 1) shows a single absorption line on the broad 
background of the emission line at 1495A and two ab- 
sorption lines on the 1492A emission line. With the 
wave-length obtained from Ekefors’ measurements,' ), 
= 1494.675A, as the basis of our measurements, d2 
= 1492.79A and \3= 1492.59A. The photograph shows that 
the intensity of 3 is greater than \2, indicating that the *D 
term is inverted, as might be expected. The more probable 
transition, ?P;y;—?D2, would correspond therefore to the 
shorter wave-length. The frequency separation of the two 
2D terms is 8.9+0.1 cm.~! From analogy with the separa- 


tion of corresponding terms in the O II spectrum, Compton 
and Boyce! estimated the probable separation as 5 cm™; 
the measurements of Ekefors' seem to indicate a separation 
of 7 cm“. 





Reference to Fig. 1 shows that the line 1495 is strongly 
asymmetric, the middle of the emission line being shifted 
0.06A or 2.7 cm™ in relation to the center of the absorption 
line. As this shift is toward the red it cannot be explained by 
the appearance of the forbidden line *?D2y—*P,. It was not 
possible to investigate thoroughly the reason for this 


1E. Ekefors, Zeits. f. Physik 63, 437 (1930); K. T. 
Compton and F. C. Boyce, Phys. Rev. 33, 145 (1929); S. B. 
Ingram, Phys. Rev. 34, 421 (1930). 
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asymmetric broadening but it may be mentioned that it 
disappeared almost completely when a self-induction coil 
was put in series with the spark. The effect of the induction 
coil was to lower the potential of the spark as was quite 
evident from the decrease in intensity of the spark lines in 
comparison with the arc lines. At the same time, however, 
the total intensity of the spark became smaller so that the 
change may be due to the decrease in the density of the 
excited atoms. 


THE EDITOR 945 


The purchase of the fluorite vacuum spectrograph which 
was used in this investigation was made possible through a 
grant from the National Research Council to whom we 
wish to express our appreciation. 

H. StickLen 
Emma P. Carr 
Mount Holyoke College, 
South Hadley, Massachusetts, 
May 10, 1933. 


Electromotive Forces Associated with Barkhausen Discontinuities 


Recently the writer has described an experiment! in 
which an electric current was sent through a ferromagnetic 
wire, and discontinuities of the potential difference of the 
ends of the wire were observed when Barkhausen dis- 
continuities of magnetization occurred. It was concluded 
that discontinuities of resistance were associated with the 
Barkhausen effect. More extended investigation has shown 
that this conclusion cannot be legitimately drawn from the 
experiment as described. As a matter of fact, subsequent 
work has demonstrated that intrinsic, impulsive e.m.f.’s 
are produced in the wire by the Barkhausen discontinuities, 
and these intrinsic e.m.f.’s are sufficiently large to mask any 
effect which may arise from discontinuities of resistance. 

The cause of the impulsive e.m.f. associated with the 
Barkhausen discontinuity appears to be an inductive 
action which the magnetization change in one part of the 
wire exerts on another part. When a short straight nickel 
wire is laid parallel with a copper wire (insulated from the 
latter but very close to it), the large Barkhausen jumps in 
the nickel produce e.m.f.’s in the copper wire which can be 
detected with an amplifier and loudspeaker. If a nickel wire 
of large diameter is bent beyond the elastic limit into the 
arc of a circle and then thrust into a straight capillary tube 
it is in a state of elastic strain. When demagnetized by the 
bringing up of a bar magnet such a wire exhibits one large 
Barkhausen jump followed by several smaller ones. 
However, the impulsive e.m.f. due to the large jump, as 
detected at the ends of the nickel wire, is considerably 
weaker than the e.m.f. in a similar wire of small diameter. 
There appears to be a short-circuiting of the induced 
current by the extra material of the larger wire. 

The production of an e.m.f. in a ferromagnetic wire by 
changes in the magnetization of the wire is not a new 
phenomenon. Matteucci? first observed it in the case of a 
twisted wire, where a circular component of magnetization 
was produced. Hippel and Stierstadt* have detected it in 
connection with the Barkhausen effect. The Matteucci 
effect appears to be well understood,‘ but the e.m.f. 
associated with the Barkhausen effect is yet to be explained 
adequately. Preliminary experiments suggest the following 
explanation. 

The Barkhausen effect is known to have a transverse 
component,® that is, inductive jumps are observed in 
directions perpendicular to the magnetizing field. Suppose a 


filament in the wire, parallel to the length of the wire but of 
smaller diameter than the wire, to undergo a sudden change 
of transverse magnetization. The remaining filaments of 
the wire will then be subject to an induced e.m.f. parallel 
to their length. The situation is quite like that in which a 
bar magnet, held parallel to a straight wire, is suddenly 
turned to a transverse position, thus inducing an e.m.f. in 
the wire. On this view of the phenomenon we should expect 
parallelism between the transverse Barkhausen effect and 
the impulsive e.m.f. 

Direct evidence that discontinuities of resistance are 
associated with the Barkhausen effect is lacking. The 
indirect evidence is as follows. Reversal. of saturated 
magnetism in a wire does not alter its length or resistance, 
hence reversal of magnetism in a small element should 
produce no change, either of length or resistance. However, 
a Barkhausen jump can produce a change of length in a 
wire, hence we infer that this jump is not a pure reversal of 
magnetization in a small element. But in the latter event 
we expect a resistance change to accompany the Bark- 
hausen jump, for the reason that transverse magnetoresist- 
ance is quite different in ferromagnetic materials from 
longitudinal magnetoresistance. 

Further evidence is desirable in order to prove that 
Barkhausen jumps are not necessarily reversals of saturated 
magnetism. Possibly means may be discovered for reducing 
the magnitude of the induced e.m.f.’s till the resistance 
jumps can be detected. Another line of attack, which is 
being worked out in this laboratory, involves measure- 
ments of the simultaneous transverse and longitudinal 
components of a single large Barkhausen discontinuity in 
nickel, 

C. W. Heaps 

The Rice Institute, 

May 11, 1933. 


1C. W. Heaps, Phys. Rev. 43, 763 (1933). 

2 Matteucci, Ann. chim. phys. 53, 385 (1858). 

3A. v. Hippel and O. Stierstadt, Zeits. f. Physik 69, 52 
(1931). 

4Hans Ostermann and Fritz v. Schmoller, Zeits. f. 
Physik 78, 690 (1932). 

5 Richard M. Bozorth and Joy F. Dillinger, Phys. Rev. 
41, 345 (1932). 


On the Nature of the Primary Cosmic Radiation 


The latitude effects observed by Compton and Clay call 
for positively charged particles as responsible for some of 
the primary radiation. Compton! has emphasized the 


conclusion that the facts of absorption in the atmosphere 


1A, H. Compton, A Geographic Study of Cosmic Rays, 
Phys. Rev. 43, 357-403 (1933). 
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combined with the existence of directional and latitude 
effects necessitate the assumption that the particles 
originate at least several hundred kilometers above the 
earth’s surface in order that with the energy necessary to 
penetrate the earth’s atmosphere they can still experience 
sufficient bending by the earth’s magnetic field to account 
for the facts. If the charged particles come from distances 
many times the earth’s radius, energies comparable with 
10'° volts are necessary in order that, in spite of the earth’s 
field, they may reach the earth at latitudes as low as those 
at which their presence is revealed by directional and 
latitude effects. On the other hand, as Millikan has re- 
marked, cloud chamber measurements have given no 
evidence of charged particles with energies as high as 10'° 
volts, and, it is difficult to suppose that absorption of 
energy by the atmosphere could reduce a 10'° volt-particle 
to an energy of 10° volts, such as represents about the 
maximum observed in cloud chamber experiments. 

Many years ago the writer? gave reasons founded upon 
the classical theory, for supposing that charged particles 
with sufficiently high energy may be incapable of producing 
ions on account of the radiationary reaction resulting from 
the very sharp acceleration which would be necessary were 
an electron to be ejected from an atom by a charged 
particle travelling with very nearly the velocity of light, 
and consequently with a field highly concentrated in its 
equatorial plane. Recently, he has attacked the problem on 
a wave mechanical basis, and has obtained an equation 
representing the radiation reaction terms. At his request 
the equation was applied to the ionization problem by Dr. 
Bramley® and it appeared that on the basis of this equation 
ionization should become inappreciable at about 10!° volts. 
If we should accept this conclusion we have a possible 
explanation of the difficulties cited above. We may then 
suppose that the primary charged particles entering the 
atmosphere, generate secondaries, which continue in the 
direction of the primaries and so carry with them the 
latitude effects and the directional effects fundamentally 
inherent in the primaries. In other words it is not the 
action of the magnetic field on the secondaries which is 
responsible for these effects, but the action of that field on 
the primaries. On this view the primaries would not show 
themselves in Geiger counters. Their properties, however, 
would be exemplified by the behavior of the secondaries as 
above implied. It is of course to be understood that the 
secondaries here referred to would in general serve as 
primaries in the sense of producing other secondaries (or 
tertiaries) and so on, so that there is no inconsistency in the 
experiments such as those of Street and Johnson‘ in which 
evidence is deduced in support of the view that the rays 
there referred to as primaries are ionizing rays. It would 
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indeed seem that if we accept the arguments of Millikan 
and Compton together, they practically demand the 
assumption of charged particles of a non-ionizing character 
in line with the ideas expressed above. 

A further point bearing upon the matter concerns the 
fact that the directional effects above referred to have 
indicated that the incoming primary rays are positively 
charged. On the view implied in this letter, however, this 
would not mean that the actual rays which set off the 
counters are positively charged. These rays might be of 
either sign, and the crucial experiment would be one in 
which it was demonstrated that these rays which inherit 
from the primaries a directional effect appropriate only toa 
positive charge may, nevertheless, themselves involve rays 
with charge of either sign. Cloud chamber experiments 
would afford information on this matter, for, quite apart 
from the fact that one would have to admit that second- 
aries will be found in the cloud chamber, one must also 
admit that if the primary rays exist in the number demon- 
strated by the directional experiments, and if they are 
ionizing, they certainly should show themselves in the 
cloud chamber and should there reveal their true energy 
and the sign of their charge. 

On the view that the real primary rays are non-ionizing, 
we have yet to admit that they may be capable of causing 
other atomic transitions such as are associated with the 
emission of secondaries with high velocity, the initiation of 
nuclear disintegrations, etc. The relative probability of 
these various occurrences is a matter whose solution 
awaits a more complete development of the wave me- 
chanical theory. It may be of interest to point out that 
if one should accept the views here tentatively suggested, 
one finds in them an explanation of those peculiar pheno- 
mena found by Anderson in the cloud chamber, phenomena 
in which a secondary appears to be ejected from a piece of 
lead without the evidence of any primary having entered it. 

W. F. G. SWANN 

Bartol Research Foundation of 

The Franklin Institute, 
Swarthmore, Pennsylvania, 
May 11, 1933. 


2 W. F. G. Swann, The Absence of Ionization by Electrons 
with Speed Comparable with that of Light, Phil. Mag. 47, 
306-319 (1924). 

3 W. F. G. Swann and A. Bramley, Particle Ionization for 
Velocities Approaching that of Light, J. Frank. Inst. 214, 
606-608 (1932). 

‘J. C. Street and T. H. Johnson, Concerning the Produc- 
tion of Secondaries by Cosmic Radiation, Phys. Rev. 42, 
142-144 (1932). 


Erratum 


Projective Relativity and the Einstein-Mayer Unified Field Theory 


(Phys. Rev. 43, 615, 1933) 


Eq. (1) on page 616 should read gyo=4yo instead of gyy=dyy. 
BANESH HOFFMANN 


University of Rochester. 
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